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ABSTRACT

Author: Fang, Fang . PhD
Institution: Purdue University
Degree Received: December 2017
Title: Shear-induced Aggregation and Ordering of Amylopectin Dispersions Affected by
Hydrocolloids
Major Professor: Osvaldo H. Campanella and Bruce R. Hamaker

Amylopectin is a naturally highly-branched biomacromolecule. Amylopectin molecules
with re-ordered structure have high viscosity and viscoelastic properties that may have
potentially good nutritional functions such as providing long-lasting energy to the human
body and delaying stomach empty among other properties. However, the amylopectin
molecular re-ordering process under static conditions normally takes much longer time
than amylose to achieve a desired and relatively stable structure. A simple but novel
approach consisting in applying a constant shear rate of 20 s-1 at a temperature of 5oC for
24 hours was proposed in this study to accelerate the re-ordering process of gelatinized
waxy amylopectin dispersions. Two different shear-induced mechanisms were studied:
the first, which included shear-induced aggregation of selected waxy amylopectin
dispersions occurring within a short period of time and the second that was due to shearinduced molecular re-association after a 24-hour period of shearing with a constant shear
rate of 20 s-1 at a temperature of 5oC.
Waxy potato and waxy corn amylopectin dispersions displayed shear-thickening behavior
in a moderate shear rate range (approximately 15 to 25 s-1), a phenomenon that was not
observed in waxy rice amylopectin dispersion. The rheology of the former dispersions
was shear rate, time and temperature dependent. At low temperatures, the shearthickening behavior of potato amylopectin was more noticeable than that observed in the
waxy corn amylopectin dispersion. After shearing with a shear rate of 20 s-1 for 10 min,
no aggregation was formed in waxy rice amylopectin, whereas small aggregates and large
aggregates were observed in waxy corn and waxy potato amylopectin dispersions,

xvi
respectively, indicating that shear-induced aggregation may be the reason for the shearthickening behavior of these dispersions.
The presence of neutral and anionic hydrocolloids significantly influenced the shearthickening behavior and viscoelasticity of waxy potato amylopectin dispersions.
Hydrocolloids with flexible chains were hypothesized to associate with long-chain
branches of amylopectin, which was promoted by shear forces. The electrostatic
interactions between flexible chains of anionic hydrocolloids (e.g. pectin and sodium
alginate) and chain segments of potato amylopectin binding phosphate groups were likely
to increase the molecular movement of chains and decrease the viscosity and elasticity of
these waxy amylopectin dispersions. However, the enhanced mobility favored the
formation of shear-induced aggregation upon the application of shear forces.
The interactions between neutral hydrocolloids (e.g. guar gum and konjac glucomannan)
and waxy potato amylopectin dispersions were hypothesized to be mainly through
hydrogen-bonding interaction, chain-chain associations and likely entanglements
showing an increased viscosity with a concomitant change in their viscoelastic properties
characterized by a lower elasticity. The presence of anionic hydrocolloids with rigid
chain conformation (e.g. agar and xanthan gum) in waxy potato amylopectin dispersions
lead to products with strong shear-thinning behavior and a higher elasticity. The
interaction between potato amylopectin and highly-branched hydrocolloids (e.g. gum
arabic) was mainly due to hydrogen-bonding. The presence of gum arabic in waxy potato
amylopectin dispersions enhanced the shear-thickening behavior and decreased their
elasticity. These apparently contradictory results were explained noting that although an
increased mobility of the chains by the addition of the hydrocolloid implies less elastic
samples, the action of shear forces on more mobile chains may increase the likelihood of
interaction between them.
The shear-thickening behavior did not change upon storage of waxy corn amylopectin
dispersions up to 7 days, but disappeared in waxy potato amylopectin dispersions after 7day storage at 4oC and under static conditions. During long-time storage, waxy potato
amylopectin dispersions were more ordered than other dispersions prepared with waxy

xvii
corn and waxy rice amylopectin. The formation of a more ordered structure in waxy
potato amylopectin dispersions was related to the characteristics of their chains, i.e.
longer-chain branches and a lower degree of branches than the other amylopectin used in
this study. The formation of ordered structures in waxy potato amylopectin dispersions
was a function of pH, which showed that electrostatic interactions caused by the
negatively charged phosphate groups in waxy potato amylopectin was also a contributor
factor to the structure forming mechanism.
The re-association of potato amylopectin was significantly accelerated by applying a
constant shear rate of 20 s-1 for 24 hours, a phenomenon that was not observed in waxy
corn amylopectin and waxy rice amylopectin dispersions. It was hypothesized that the
mechanism of this phenomenon was the result of the stretching of long-chain branches of
the waxy potato amylopectin molecule by a moderate shearing action to a conformation
that was prone to form double-helical structures.
In the presence of neutral hydrocolloids (e.g. guar gum and konjac glucomannan), shearinduced ordering was greatly promoted, whereas the presence of anionic hydrocolloids
(e.g. sodium alginate, pectin, gum arabic and xanthan gum) limited the formation of
shear-induced ordered structures. These phenomena were attributed to the electrostatic
repulsion between negatively charged hydrocolloids and negatively charged phosphate
groups bound to the potato amylopectin chain segments.
This research presented a simple but innovative approach to accelerate the re-association
of highly-branched macromolecules in general, and in particular amylopectin with
desired functionalities. The study provides a new insight of shear-induced rheological
behavior that occurs in highly branched macromolecules, a behavior that has potential
benefits in food nutrition. It also provides a new strategy to study molecular interaction
between homo- and hetero- macromolecules in the presence of flow fields which may
break the physical barrier and increase the chance of chain-chain contacts. These findings
will serve to develop novel applications of natural highly-branched macromolecules
opening the possibility of synthesizing targeted highly branched polymers able to

xviii
produce complex fluids with rheological properties that may have diversified applications
in food and non-food areas.
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CHAPTER 1.

INTRODUCTION

Amylopectin is the highly-branched biomacromolecule fraction of starches, which has
been subject to a great number of theoretical and experimental studies due to its use in
many food and non-food applications. Since the molecular characteristics (e.g. molecular
weight distribution and chain-length distribution) are directly linked to end-use properties
such as rheological properties (Meimaroglou and Kiparissides, 2010), the abundant
resources and diverse structural characteristics of amylopectin among botanical species
have enabled the design and development of complex amylopectin-based products with
specific functionalities.
Waxy starches consist almost entirely of amylopectin and therefore are ideal materials to
study their structure-function relationships and the effect of the amylopectin
characteristics. When heated in excess water, the ordered structure of starch granules is
subjected to an order to disorder phase transition, a process that is called gelatinization.
After gelatinization, the mechanical properties of a starch suspension, depending on
starch concentration, change from an inelastic liquid material to a viscoelastic material.
These changes are important not only in the many applications of starches but also in
their nutritional properties. For example, the rheological properties of foods, notably
viscosity, are correlated with the gastric emptying rate, which together with other factors,
regulates the postprandial blood glucose response (Camps et al., 2016; Hlebowicz, 2009).
After gelatinization and cooling or prolonged storage, starch molecules can re-arrange
and re-associate to form more ordered structures, a process that is also called staling,
aging, retrogradation or recrystallization. The re-ordering process of amylopectin, which
is correlated with its molecular structure, may take several hours to several days or even a
few weeks (Fredriksson et al., 2000). After retrogradation, starch molecules having an
ordered structure (double helices) slow the digestion rate in the small intestine and,
therefore, provide a long-lasting energy to the human body with an extended glycemic
index (GI) (Patel et al., 2017; Zhang and Hamaker, 2009). Those functional properties
have become very important after reports showing that the consumption of low GI foods
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is potentially important in the prevention of chronic diseases like type 2 diabetes (Jenkins
et al., 2002).
A few approaches, like repeated freeze-thaw or freeze-heat processes (Lee et al., 2012;
Xie et al., 2014) and enzymatic treatment (Kim et al., 2014; Kittisuban et al., 2014; Ryu
et al., 2010; Klaochanpong et al., 2015) of starches, have been used to improve the
formation of ordered structures in amylopectin dispersions. However, current approaches
have weaknesses that limit their development and application. For example, the processes
of freeze-thaw or freeze-heat still take days to achieve a structure with the desired
functionality of the amylopectin dispersion. The enzymatic treatment greatly increases
the total cost and studies are still at the initial stages. Some of those studies includes,
increasing starch branching density using a branching enzyme and �–amylase (Kittisuban
et al., 2014), elongation of amylopectin chains using the amylosucrase enzyme (Ryu et al.,
2010) and starch debranching using isoamylase and pullulanase (Klaochanpong et al.,
2015). Therefore, a practically applicable and efficient approach based on a mechanical
treatment to prepare amylopectin dispersions with desired ordered structures would
greatly benefit the nutritional functionality of starchy food and the design and
development of functional foods with enhanced nutrition properties.
In polymer science, applied to synthetic and non-biological molecules, shear-induced
ordering has been widely studied (e.g. polypropylenes and polylactide) on polymers that
have long-chain branches (Agarwal et al., 2003; Fang et al., 2013). The applied shear
forces with a low rate of shear (1 s-1) stretched the long-chain branches and increased the
degree of bond orientation in a polylactide melt (Fang et al., 2013). Following these
findings, it was hypothesized that amylopectin molecules having a higher proportion of
long chains would favor the formation of ordered structures, in the presence of low shear.
An alternative approach to improve the functional properties of amylopectin dispersions
is by adding hydrocolloids to the amylopectin dispersions. Hydrocolloids are known to
significantly change the rheological properties (e.g. viscosity and viscoelasticity) of
amylopectin dispersions, even using small amounts. Hydrocolloids have been widely
studied for their roles in controlling amylopectin retrogradation, a phenomenon that is
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influenced by different competing mechanisms such as phase separation, formation of a
physical barrier or increase of effective concentration (BeMiller, 2011). For most cases,
the addition of hydrocolloids has a positive effect on increasing the viscosity of the
system and a negative effect on long-term molecular re-association of amylopectin
dispersions. In the presence of hydrocolloids, the viscosity of amylopectin dispersions
can be greatly changed. In addition, upon application of low shear forces, molecular
contacts between amylopectins or amylopectin and hydrocolloid chains are promoted and
favor the molecular ordering of the system. In this assumed mechanism, hydrocolloids
affecting amylopectin retrogradation under static conditions might not be applicable.
However, no report has focused on studying shear-induced ordering mechanisms of
amylopectin/hydrocolloid dispersions. There is a knowledge gap on the role of
hydrocolloids having different chemical structures in the amylopectin re-ordering process
in the presence of low shear conditions. Fill this knowledge gap will advance the
development of new food and non-food systems with desired functional properties.
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CHAPTER 2. LITERATURE REVIEW

2.1

Introduction

Amylopectin is one of the most abundant biopolymers with naturally highly-branched
structure. As a major component of starch, amylopectin has drawn a lot of scientific and
commercial interest due to its effects on the sensory and nutritional quality of starchbased foods. In this chapter, studies on the rheological properties and shear-induced
structures of gelatinized waxy starch dispersions were reviewed. Shear-thickening and
anti-thixotropic rheological behaviors were discussed, because these phenomena have
been associated to the formation of shear-inducted structures. Second, literature related to
the properties of highly-branched polymers and approaches to improve re-association of
amylopectin are reviewed. Finally, literature focusing on effects of hydrocolloids on the
rheological properties of amylopectin dispersions were reviewed, including mechanisms
and hydrocolloids with different structural characteristics. In the presence of
hydrocolloids even at small amounts, the rheological properties of amylopectin can be
greatly changed.
2.2
2.2.1

Rheological properties and shear-induced structure of amylopectin dispersions
Shear-thinning and Shear-thickening rheological properties of gelatinized waxy
starch dispersions

Shear-thinning and shear-thickening are two terms describing shear rate dependence of
non-Newtonian fluids. The decrease of viscosity with increasing shear rates is called
shear-thinning behavior. Conversely, increases of viscosity with increases in shear rate is
a phenomenon known as shear-thickening. Both shear-thinning and shear-thickening
behaviors are caused by shear-induced structure changes in the material. Shear-thinning
behavior is typically found in many polysaccharide solutions and dispersions. However,
shear-thickening behavior is more rarely observed in solutions and dispersions containing
polysaccharides. Shear-thickening behavior has been associated to intra- and inter-
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molecular association and flow induced structures in diluted solutions of polymers with
high molecular weight (van Egmond, 1998). The shear-induced formation of
intermolecular structures was also proposed to be one of the mechanisms promoting
shear-thickening behavior in associating polymer systems (van Egmond, 1998).
Shear-thickening behavior and shear-induced structures formed in semi-diluted waxy
starch solutions were firstly reported in 1995 by Dintzis and Bagley (1995), a
phenomenon that was not observed in normal starch solutions. The authors prepared
starch solutions either by dissolving starch in 1.0 N KOH then diluting to 0.2 N KOH
(2.0% w/v starch content) or dispersing starch in a buffer of pH 7.0 then autoclaving the
buffer dispersion at 140oC for 44 min (7.7% w/v starch content). A steady shear rate
sweep test with two-increasing/decreasing shear rate cycle was conducted to study the
transient flow effects on the starch solutions. Both waxy maize starch and normal maize
starch displayed the behavior of a typical polymeric solution, which is shear-thinning
behavior when the shear rate ranged from 1 to 100 s-1; when the shear rate exceeded 100
s-1 but lower than 300 s-1, normal corn starch solutions still exhibited shear-thinning
behavior. However, solutions of waxy maize starch exhibited shear-thickening behavior,
a phenomenon that was rarely observed in other polymer solutions. This behavior was not
observed in the downward curve after the first cycle or in the upward and downward
curves of the second cycle. When the shear rate range was between 300 and 750 s-1, both
waxy and normal maize solutions exhibited the typical shear-thinning behavior.
Subsequently, Dintzis et al. (1995) dissolved waxy maize starch in 90% v/v DMSO-H2O
to obtain a 2% starch dispersion and heated it to a range of temperature 60-80oC. The
flow curves displayed shear-thinning behavior at shear rates lower than 20 s-1, following
a shear-thickening behavior in a shear rate range between 20 to 40 s-1, and then shearthinning behavior when the shear rate exceeded 40 s-1. The authors conducted steady
shear sweep tests on two known Newtonian fluids, one with viscosities higher and one
with viscosities lower than those of the starch dispersions. The two Newtonian fluids
displayed the typical Newtonian rheological behavior when subjected to a steady shear
sweep test, indicating that the flow behavior exhibited by the starch dispersions was not
an artifact caused by the rheometer. Results showed that the observed rheological
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behavior that includes shear-thinning at low shear rate followed by shear-thickening at
moderate shear rates and again shear-thinning at relative high shear rates was observed in
dispersions of waxy maize starch in a range of solvents such as 90% DMSO-H2O, 0.2 N
KOH, H2O and 0.5 N KCl at pH = 7.0.
Thereafter, Dintzis et al. (1996) studied the shear-thickening behavior of various starch
dispersions (e.g. 2-3% starch in 90% DMSO- H2O or 0.2 N NaOH solvents). Starches
that were used included waxy and normal maize, waxy and normal rice, waxy barley,
normal potato, normal cassava and normal wheat starches. The authors concluded that: (1)
dispersions of waxy maize, rice and barley starches and normal potato starch with a
concentration of 3.0% in 0.2N NaOH, or 90% DMSO-H2O displayed a more noticeable
shear-thickening behavior than dispersions containing normal maize, rice and wheat
starches, which was also dependent on the sample preparation methods including stirring
speed, concentration and temperature, and shear rate regime; (2) amylopectin was
considered to be the polymer responsible for the shear-thickening behavior; (3) shearthickening behavior was attributed to the shear-induced or shear-altered structure of the
amylopectin components, which was demonstrated by an ‘incipient phase separation’; (4)
for the same type of amylopectin, the shear-thickening behavior was enhanced by the
solvent in the following order: 0.5 N KCl < H2O < 90% DMSO-H2O < 0.2 N NaOH at
pH 7.0.
Wang et al. (2011) observed the pronounced shear-thickening behavior of gelatinized
waxy maize starch aqueous dispersion with a range of solid content of 2.0 – 10.0 wt. % at
different temperatures ranging from 5 to 85oC. The shear-thickening behavior of
gelatinized waxy maize starch aqueous dispersion occurred at a lower rate of shear and
was more pronounced when the temperature was lower or the concentration was higher.
In summary, the shear-thickening behavior of gelatinized starch dispersions was
dependent on starch concentration, temperature, botanical source, solvent and shear rate.
This phenomenon occurs in gelatinized waxy starch dispersions and gelatinized normal
potato starch dispersions, but does not appears in other gelatinized normal starch
dispersions. The shear-thickening behavior of gelatinized starch dispersions only occurs
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in the upward flow curve of the first cycle, but the phenomenon disappears in the
downward curve of the first cycle and during the second cycle. In the following section,
literature describing time dependence on the rheological behavior of gelatinized starch
dispersions is reviewed.
2.2.2

Thixotropy and rheopexy rheological properties

Thixotropy and rheopexy (also known as anti-thixotropy) are two terms describing the
time dependence of the rheology of complex fluid materials. By applying shear forces,
the rheological properties of some materials, mainly the viscosity, do not reach a steady
value at a defined shear rate, instead vary with time while the shear force is being
applied. That is, the measurement does not reach equilibrium, mainly attributed to a
change in the structure of the material by the action of the shear forces. The behavior of
the material is thixotropic if its structure is broken down by the shear forces and requires
longer time to fully recover. Conversely, if a structure in the material is formed due to
shear forces and requires longer time to fully relax, the material exhibits a rheopectic (or
anti-thixotropic) behavior. Under constant shear conditions, a thixotropic material
exhibits a decrease in viscosity whereas a rheopectic material exhibits an increase in
viscosity. By plotting the flow curve of the material in terms of shear stress versus the
shear rate for a test that applies increasing shear rates followed by decreasing shear rates
within a specified shear rate range, higher shear stress is observed in the shear rate
increasing step than those measured during the shear rate decreasing step (clockwise
hysteresis loop) for thixotropic materials. Conversely, lower values of shear stresses are
observed in the increasing shear rate step than those measured in the decreasing shear rate
step (anti-clockwise hysteresis loop) for rheopectic materials.
Dintzis and Bagley (1995) observed unexpected rheopexy in gelatinized waxy maize
starch dispersions, specifically in waxy maize starch solution (7.7% w/v) prepared with
pH 7.0 and autoclaved in a shear rate range from 1 to 750 s-1. When the waxy maize
starch solution (2.0% w/v) was prepared by dissolving the starch directly in a 0.2N KOH
solution, the solution was rheopectic as shear rates lower than 200 s-1 and thixotropic as
the shear rate was higher than 200 s-1.

8
Dintzis et al. (1995) studied the effect of the preparation methods, no stirring or stirring at
50 rpm for additional 25 min after starch gelatinization prior the rheological tests, on
thixotropic and rheopectic rheological behaviors of waxy maize starch dissolved in 90%
DMSO-H2O at 30oC. For starch solutions prepared without additional stirring after
gelatinization, the behavior of the material was rheopectic when shear rates lower than 40
s-1, whereas the rheological behavior was thixotropic for shear rates lower than 60 s-1. By
additional stirring action (50 rpm, 25 min) during sample preparation lead to a rheopectic
behavior (full anti-clockwise loop) at a shear rate range from 1 to 200 s-1.
Wang et al. (2010) studied the effects of different pasting conditions (stirring rate, pasting
time and temperature) on thixotropic and rheopectic behavior of waxy maize starch
dispersions. Both thixotropy and rheopexy were observed in the gelatinized samples. It
was concluded that the shear rate range where rheopectic behavior was observed was
wider when the starch was pasted using higher stirring rate and longer pasting time.
However, when the pasting conditions were less drastic, the rheopectic behavior was
more noticeable at lower temperatures and at a shear rate ranging from approximately 0
to 300 s-1.
2.2.3

Proposed mechanisms for shear-thickening and rheopectic rheological behaviors

As discussed in the previous section, Dintzis and Bagley (1995) observed an unexpected
shear-thickening behavior and rheopectic (anti-clockwise) hysteresis loop behavior in
waxy maize starch solutions but not in solutions of normal maize starch, and attributed
these behaviors to the formation of a structure in the waxy maize starch solution.
Subsequently, Dintzis et al. (1995) compared phase contrast micrographs of waxy maize
starch and normal maize starch solutions in 90% DMSO-H2O prepared in the presence
and absence of shear. Appearance of these samples enabled to conclude that a shearinduced structure was created in waxy maize starch solutions, a phenomenon that was not
observed in normal maize starch solutions.
Kim et al. (2002) proposed two possible mechanisms for the shear-thickening behavior
that was surprisingly observed, in both waxy and normal maize starch in 0.2 N NaOH
solutions. These mechanisms were (1) the breaking up of the highly-concentrated normal
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and waxy maize starch clusters resulting in the increase of the effective concentration;
and (2) shear-induced aggregation. These two potential mechanisms and theories were no
further tested. In addition, these two theories did not provide clear explanation to describe
the different flow curves (with the presence or absence of shear-thickening behavior)
among starches with different botanical sources (Dintzis and Bagley, 1995; Dintzis et al.,
1995; Dintzis et al., 1996).
Wang et al. (2010; 2011) observed similar shear-thickening and rheopectic behavior in
gelatinized waxy maize starch dispersions. They assumed that the continuous phase of
the gelatinized starch paste was responsible for the observed rheological behavior. Upon
shearing actions, a re-arrangement of amylopectin molecules resulted in a more stable
structure with increased viscosity.
Even though shear-thickening and rheopectic behaviors of gelatinized starch dispersions
have been studied since 1995, an understanding and underlying explanation of this
behavior have not been yet given. Proposed structure formation mechanisms promoted by
shear in gelatinized starch dispersion is still unclear. In addition, possible relationships
between amylopectin structure from different botanical sources and shear-thickening and
rheopectic behaviors of their gelatinized starch aqueous dispersions have not been
investigated. Furthermore, potential applications in both food and non-food systems have
not been discussed.
2.3

Approaches to improve molecular re-ordering of amylopectin dispersions

Due to the highly-branched nature of the amylopectin molecule, a much longer time is
needed to form an ordered structure as compared to amylose, which has a more linear
molecular structure. Several approaches have been extensively studied to promote the
amylopectin re-ordering process. These include controlling conditions such as
temperature cycling, pH and adding other macromolecules such as hydrocolloids. Other
approaches with the capacity of altering the molecular structure of amylopectin (e.g.
enzyme hydrolysis) are not included in this discussion. However, literature related to
physical (e.g. temperature cycling) and chemical (e.g. pH) changes are reviewed in this
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section. The effects of hydrocolloids on molecular re-association of amylopectin
dispersions are discussed in the following section.
2.3.1 Temperature cycling
Temperature cycling treatments on amylopectin have been used to enhance amylopectin
retrogradation (or molecular re-ordering). Arcila and Rose (2015) used repeated cooking
(20min in boiling water) and freezing (-18oC for 23 hours) of whole wheat flour to
increase its resistant starch content, which appears to be related to molecular ordered
structures, from 1.0 to 8.0% (Arcila and Rose, 2015). Vernon-Carter et al. (2016) studied
the effects of repeated freezing (-20oC for 24h) and thawing (90oC for 20min) of corn
starch gels. After repeating 4 times of the freezing-thawing cycle, storage modulus (G’)
values were approximate 4 times higher than freshly prepared dispersion. Xie et al. (2014)
treated waxy potato starch samples with repeated cooling (4oC for 6, 24, 48 and 72 hours)
and heating (in boiling water, 30 min) cycle for up to 5 cycles. The content of rapidly
digestible starch did not change much during the treatment, but a shift from slowly
digestible starch to resistant starch was observed. Samples with 4 cool-heat cycles had the
highest ordered structure, which was clearly shown by an increased melting enthalpy in
the treated sample (increased approximately 15% more than in the first cycle). Although
the temperature cycling approach can accelerate molecular re-association of the
amylopectin molecules, the whole process still took several days, and the degree of
ordered structure was moderately improved.
2.3.2 pH effects
Some controversial results have been presented describing the effects of pH on long-term
retrogradation of starch. Kalb and Sterling (1962) studied the effects on the long-term
retrogradation (mainly amylopectin retrogradation) of corn starch with a concentration of
2% solids, a pH range of 2.0 - 10.0 for 2, 5, 9, and 28 days. At neutral pH condition,
cornstarch gel displayed the highest degree of retrogradation. It was suggested that the
charged layer around molecules may relate to the retrogradation phenomenon through an
electrostatic repulsion mechanism (Kalb and Sterling, 1962). A study on the effects of
amino acids with different pH on the retrogradation properties of potato starch showed
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that at acidic conditions potato starch had a higher degree of retrogradation than at neutral
and basic conditions. The authors hypothesized that the presence of acidic amino acids
could probably reduce the negative charges of phosphate ester groups in potato starch and,
therefore, results in the reduction of repulsion among molecules (Chen et al., 2015).
However, other reports showed that changes of pH had no effects on starch molecular
retrogradation or molecular re-ordering (Russell and Oliver, 1989) studied pH effects in a
range of pH 4.4 - 9.4 on starch (no specific type was provided) long-term retrogradation
for 20 days and at 21oC. The authors concluded that the presence of ions influenced the
retrogradation process, but changing in pH did not presence further effects. Sae-kang and
Suphantharika (2006) studied the effects of different pHs (3.0, 7.0 and 9.0) on
crystallization and rheological properties of tapioca starch pastes. In neutral conditions,
enthalpy values of tapioca starch paste were higher than those measured in pastes at
acidic or basic conditions.
In general, starches from different botanical sources have different pH dependence during
long-term retrogradation. The mechanisms describing pH effects on starch retrogradation
are still unclear. However, based on the literature, the pH dependence of starch
retrogradation may be probably attributed to charge characteristics among different starch
types. More experiments are required to illustrate the pH dependence of starch
retrogradation.
2.4

Effects of hydrocolloids on paste and gel properties prepared from amylopectin
dispersions

Two main methods to classify food hydrocolloids are based on the raw material sources
(e.g. seeds, roods, exudates, seaweed extracts, plant extracts, animal extracts,
microbiological, cellulose derivatives and other derivatives) and molecular structure
characteristics (e.g. linear or branched, neutral or charged). The latter one was used to
classify the hydrocolloids used in the work of this thesis. It is noteworthy that some
hydrocolloids, like guar gum and gum arabic, are not pure polysaccharides as they can
involve proteins, fibers, ash and other minor components in the raw material source
(BeMiller, 2011).
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2.4.1

Proposed mechanisms

2.4.1.1 Electrostatic interaction
Native starches contain small amounts of phosphate group (0.01% in cereal endosperm
starch and 0.5% in potato tuber starch) monoesterified to glucose residues. The phosphate
groups are mainly bound to the amylopectin fraction (68-92%) at the positions of C-6 and
C-3 of the glucose units with a proximate proportion of 70% at C-6 and 30% at C-3,
respectively (Blennow et al., 2000; Tabata et al., 1975; Xu et al., 2017). The phosphate
groups are mainly attached to longer amylopectin chains. (Tabata and Hizukuri, 1971;
Takeda and Hizukuri, 1982). Therefore, the presence of ionic charges in the
hydrocolloids will electrostatically interact with the phosphate groups in potato
amylopectin and, accordingly, have the potential to influence the paste and gel properties
of the amylopectin/hydrocolloid systems. Cai et al. (2011) concluded that with the
addition of xanthan gum (a negatively charged hydrocolloid) into potato starch (both
amylose and amylopectin involved), the electrostatic repulsion between amylopectin and
anionic hydrocolloids may increase the electronegativity and stability of threedimensional network structures. Chitosan is the only polysaccharide that is positively
charged, but it is insoluble in water (Qin et al., 2006). Regardless the effect that repulsion
forces may have, the insolubility of the hydrocolloid is a limiting factor to potential
application, so this hydrocolloid is not used in the research and no literature review on the
interaction of waxy starch and chitosan was conducted.
2.4.1.2 Physical barrier
Hydrocolloids may act as a physical barrier through hydrogen-bonding, preventing
association between amylopectin molecules and restricting chain mobility. Therefore,
retrogradation of amylopectin during long-term storage might be hindered. Khanna and
Tester (2006) proposed mechanisms for the long-term retrogradation effects of some
hydrocolloids. For instance, the use of konjac glucomannan has hindered the chain-chain
association of amylopectin and restricted its mobility in the starch/konjac glucomannan
system, resulting in a product with a high viscosity (Khanna and Tester, 2006). Li et al.
(2017) also hypothesized that the delaying effect of sodium alginate on the starch
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retrogradation was due to a formed barrier that disrupts the molecular association of both
amylose and amylopectin.
2.4.1.3 Phase separation
In addition to macromolecular interactions, phase separation is another proposed effect
associated with the presence of hydrocolloids in amylopectin dispersions. Due to the
thermodynamic incompatibility of starch/hydrocolloid systems, phase separation might
occur; however, it may not be complete due to the nature of some highly viscous
hydrocolloids (Alloncle and Doublier, 1991). Thus, synergistic effects between starch
and hydrocolloids such as galactomannan, could result from phase separation rather than
molecular interactions (Alloncle et al., 1989; Mandala and Bayas, 2004).
Closs et al. (1999) studied the bulk phase separation of pure soluble amylopectin and
waxy maize starch in the presence of galactomannan d and concluded that the continuous
and dispersed phases were starch-based and galactomannan-based, respectively. The
critical concentration of galactomannan-rich phase to gelatinize the system was
approximately 0.8% and it required 8 hours to complete the phase separation process.
Annable et al. (1994) discussed the phase separation of potato maltodextrin with locust
bean gum, gum arabic and carboxymethy cellulose with critical concentrations of 2.8
wt. %, 16 wt.% and 10.8%, respectively. Phase separation, which occurred in potato
maltodextrin/gum arabic dispersion systems, was found to result in lower storage
modulus (G’) values.
2.4.1.4 Effective concentration
With the addition of hydrocolloids into the amylopectin aqueous dispersion with
maintaining a constant amylopectin concentration, the total solid content increases. Since
both hydrocolloids and starch are able to attract water molecules, when exceeding the
hydrocolloid critical concentration, the hydrocolloid competes with amylopectin
molecules for water availability and, accordingly, increases the local concentration of
amylopectin molecules. For example, the short-term effects of konjac glucomannan on
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starch retrogradation was attributed to the increase of effective concentration of starch
due to the water competition with konjac glucomannan (Yoshimura et al., 1998).
2.4.1.5 Entanglements
No direct evidence has shown the formation of entanglements between amylopectin and
hydrocolloid molecules. Only a few studies have attributed the viscosity changes to the
interaction between long external chains of amylopectin and linear hydrocolloids
(Funami et al., 2005a; Muadklay and Charoenrein, 2008; Qiu et al., 2015). Funami et al.
(2005a) suggested that fewer galactose side chains lead to more interaction and,
accordingly, systems with higher viscosity (Funami et al., 2005a).
2.4.2

Hydrocolloids Classification

2.4.2.1 Neutral hydrocolloids
Konjac glucomannan is a neutral polysaccharide composed of �-1,4 linked D-glucose
and D-mannose in an approximate ratio 1:1.6 (Gidley et al., 1991; Kato et al., 1970)
attached with acetyl group around every 19-sugar residue. Aqueous solutions of konjac
glucomannan were reported to be the one with the highest viscosity among non-starch
polysaccharides (Jacon et al., 1993). In solution, konjac glucomannan molecules consist
of semi-flexible linear chains with random coil conformation (Li and Xie, 2006). The
average molecular weight (�% ) of four commercial konjac glucomannan were in the
range 8.0 × 105 - 1.0 × 106 g·mol-1 (Ratcliffe et al., 2005). It was concluded that the shortterm retrogradation of starch molecules was promoted by the addition of konjac
galactomannan, whereas the long-term retrogradation was retarded (Khanna and Tester,
2006; Yoshimura et al, 1996; Yoshimura et al., 1998).
Guar gum is another example of high-�% neutral hydrocolloid with an average molecular
weight in the range 1.0 × 105 - 2.8 × 106 g·mol-1 (Wang et al., 2003). The molecules of
guar gum consist of a chain of �-1,4 linked D-mannopyronosyl units attached with single
D-galactopyranosyl unit through �-1,6 linkages with a mannose: galactose ratio of 1.21.8(von Borries-Medrano, Jaime-Fonseca and Aguilar-Méndez, 2016). Weber et al. (2009)
investigated the influence of guar gum on pasting and paste properties of normal and
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waxy corn starches, and proposed that probably only interaction occurring between starch
and guar gum were due to hydrogen bonding since no covalent bonds between these
molecules were detected through infrared spectra. By adding guar gum in a range of
concentrations (0.35-1.0% w/w), waxy corn starch dispersions increased their viscosity
and elasticity (measured by higher storage modulus and lower tan � ). A thixotropic
behavior of the pastes was also observed at a temperature of 25oC upon addition of the
hydrocolloid (Achayuthakan and Suphantharika, 2008). Guar gum/ starch systems
showed a very high viscosity at low shear rates and a highly noticeable shear-thinning
behavior (Saha and Bhattacharya, 2010). Funami et al. (2005b) studied retrogradation of
normal and waxy corn starch in the presence and absence of guar gum with different
molecular sizes. The effect of guar gum on retrogradation of corn starch was related to
the gum average molecular weight �% . Upon storage at 4oC for 14 days, guar gums with
relatively low �% values accelerated long-term retrogradation, whereas those with
relatively high �% values retarded long-term retrogradation.
Agarose is the major component of agar. It consists of alternating 3-linked β-Dgalactopyranose and 4-linked 3,6-anhydro-α-L-galactopyranose (Allouch et al., 2004).
The average molecular weight (�% ) of agar is in the range 8.0× 104 – 1.4 × 105 g·mol-1
(Rochas and Lahaye, 1989). Agarose can easily form gels by the formation of a parallel
double helical structure and aggregates in aqueous systems (Allouch et al., 2004). In the
presence of 0.25 wt.% agarose, gelatinized waxy corn starch in a range of concentrations
of 1-2 wt. % has rheological properties that are dominated by the properties of the
agarose. However, when the concentration of starch increases to 3-5 wt.%, neither
agarose nor starch have rheological properties that are dominant but a bi-continuous
network is formed. For concentration of starch in the range 6-10 wt.%, the rheological
properties of the systems are controlled by the starch (Mohammed et al., 1998).
2.4.2.2 Charged hydrocolloids
Xanthan gum is a negatively charge hydrocolloid. It consists of a cellulose backboned
substituted on alternate glucose residues with a charged tri-saccharide (two mannoses and
one glucuronic acid) sidechain (Nussinovitch, 1997; Wang et al., 2001). The xanthan
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gum molecule is rigid and rod-like with a helical structure that is very stable to heat,
acidic and basic conditions�% (Achayuthakan and Suphantharika, 2008). The average
molecular weight (�% ) of a homologous serious of five xanthan gum are in the range
4.0× 105 - 1.5 × 107 g·mol-1 (Holzwarth, 1978). The presence of xanthan gum in a starch
dispersion result in a system with a higher viscosity at low shear rates but strongly shearthinning behavior at moderate/high shear rates (Choi and Yoo, 2009; Kim and Yoo,
2006). The shear-thinning behavior of systems containing xanthan gum was considerably
more noticeable than those that use neutral hydrocolloids (e.g guar gum) (Achayuthakan
and Suphantharika, 2008).
Sodium alginate is a linear and negatively charged hydrocolloid consisting of 1,4 - linked
� - D- mannuronate (M) and α - L - guluronate (G) residues with different M/G ratios
(Lee et al., 2007). Sodium alginate molecules are flexible, but the increases portion of the
G block decreases the chain flexibility (Johnson, 1997). The molecular weight of sodium
alginate is in a range from 6.3×104 to 5.4×105 (Sperger et al, 2011). The presence of
sodium alginate hindered retrogradation of normal corn starch, which was attributed to
either the water competition between starch molecules and sodium alginate, or the
competing hydrogen-bonding interaction of amylose and amylopectin (Li et al., 2017).
The addition of sodium alginate increased the viscosity of sweet potato starch dispersions
but retarded starch retrogradation even more effectively than xanthan gum and guar gum
(Lee et al., 2002).
Pectin is another example of negatively charged hydrocolloid consisting of �-1,4 linked
methoxylated D-galacturonic acid residues as backbone, many of which is esterified to
form methyl esters (Luo et al., 2017). The average molecular weights of pectin ranged
from approximate 6.1 × 104 to 1.82 × 105 for various types of pectin (Fishman et al.,
1991). Furthermore, the molecular weight of pectin ranged from 4.6 × 103 to 1.3 × 106 in
the study of Luo et al. (2017) on seven different types of pectin (Luo et al., 2017). The
chain conformation of pectin is semi-flexible (Leroux et al., 2003), and chain stiffness
increases with lowering the degree of esterification (Morris et al., 2000). The presence of
pectin in gelatinized tapioca and starch dispersions resulted in lower G’ and G” values,
and inhibited retrogradation of tapioca starch (Agudelo et al., 2014; Witczak et al., 2014).

17
Gum arabic is a complex of hetero-polysaccharide that has a small content of protein
(approximately 2%). The average molecular weight of gum arabic ranges from 3.1 ×
105 to 2.2 × 105 (Dickinson et al., 1991). Vandevelde and Fenyo (1985) reported that a
portion of 70-80% in gum arabic is homogeneous arabinogalactan containing very small
contents

of

protein,

whereas

the

rest,

approximately

20-30%,

consists

of

anarabinogalactan-protein complex (Vandevelde and Fenyo, 1985). The polysaccharide
part of arabinoxylan is highly branched and consists of L-arabinoxe and D-galactose with
L-rhamnose and D-glucuronic acid as end units (Defaye and Wong, 1986; Picton et al.,
2000). The conformation of arabinogalactan-protein complex was proposed to be rod-like
looking as a ‘twisted hairy rope’ (Picton et al., 2000). At a pH above 2.2, gum arabic is
negatively charged (Butstraen and Salaün, 2014; Weinbreck et al., 2004). It was reported
that the addition of gum arabic to a gelatinized triticale starch dispersion reduced the
viscosity and the thixotropy of the system (Korus et al., 2004; Kowalski et al., 2008).
Singh et al. (2017) reported that by adding gum arabic the viscosity of tapioca starch was
increased, but did not change much on the flow behavior (Singh et al., 2017).
Retrogradation of wheat starch was promoted in the presence of gum arabic which was
attributed to phase separation (Funami et al., 2008). In the presence of gum arabic (25
and 35% w/v) in gelatinized maize starch (3 and 5% w/v), no recovery of structure of
dispersion was observed in creep-recovery test, indicating the behavior of viscous fluid
(Jiménez-Avalos et al., 2005).
2.5

Shear-induced ordering of macromolecules

Ordering process of macromolecules driven by shear forces has drawn a lot of interests
recently. By applying shear forces, polymer crystallization can be enhanced by
accelerating the nucleation process resulting in a shear-induced ordered structure (Fang et
al., 2013). Therefore, shear-induced ordered structure could be considered as a precursor
of crystallization (Li and de Jeu, 2003). The characteristics of the polymers used
included, but it was not limited to, chain length and distribution, rigidity and chain branch
density, which were all important to characterize different shear-induced ordered
structure (Fang et al., 2013).
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For example, Hamley et al. (1998) studied structural changes of a concentrated di-block
copolymer gels with an applied steady shear and concluded that above a critical shear rate
(around 100 s-1), the gel structure changed to be macroscopically oriented along with the
direction of shear. Lin et al. (2013) studied the shear-induced crystallization of high
density polyethylene (HDPE) in a micro injection project under the action of high shear
rate. The skin layer of the melted high density polyethylene formed a highly-ordered
structure which was not observed either in interlayers or core layers. Li and Jeu (2003)
investigated shear-induced ordered structure in an isotactic polypropylene melt using
high shear conditions at super-cooling temperatures. Fang et al. (2013) indicated that the
stretch of the longest chains, which is also known as the ‘high molecular mass tails’, was
the phenomenon that controlled the dynamics of the shear-induced ordering process. The
stretch of linear chains is weaker and easier to relax compared the long-chain branches,
and. Therefore, when exceeding a critical shearing magnitude, long-chain branches
achieve large bond orientation and could initiate crystallization (Fang et al., 2013).
2.6

Conclusions

The uncommon shear-thickening and anti-thixotropic behavior of gelatinized starch
dispersion are reviewed in this chapter. Most of the previous findings were focused on
non-pure water solvents, such as 90% DMSO-H2O, 0.5 N KCl and 0.2 N NaOH, which
are not applicable to food systems. Only gelatinized maize starch aqueous dispersions
were studied, and their shear-thickening and rheopectic properties were characterized.
These two rheological behaviors were attributed to the formation of internal network in
gelatinized starch dispersions with applied shear forces. However, the understanding and
explanation of the proposed structure forming by the action of shear were not elucidated.
Amylopectin retrogradation is a process including starch molecule re-arrangement, reordering and re-crystallization. The digestion properties of retrograded starch are
potentially related to health benefits such as prevention of chronic diseases like type 2
diabetes. Therefore, approaches, including temperature cycling, pH effects and addition
of hydrocolloids, which accelerate amylopectin retrogradation process, have been used to
promote healthier retrograded systems and are reviewed in this chapter. In addition, a
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potential approach to accelerate amylopectin retrogradation by inducing an ordered
structure (a precursor to crystallization) due to application of shear forces were also
discussed in this chapter. Since there is no report including naturally branched
biomacromolecule, literature concerning shear-induced ordering in melted synthesis
polymer was reviewed.
In order to fulfill the knowledge gap in the area and to, thus, open more possibilities to
design new functional foods with desired structures, the overarching objective of this
study was to develop a simple but effective approach to improve the desired ordering
structure

in

amylopectin

dispersions

and

to

enhance

the

understanding

of

biomacromolecular interactions in the presence of shear flow fields. In order to validate
the research hypothesis, one of the main objectives was to study rheological properties of
gelatinized waxy corn, potato and rice starch dispersions, which have structural and
molecular differences such as chain length distribution and branch density. In particular,
the shear rate, time, pH and temperature dependent rheological behavior of amylopectin
dispersions were investigated. Our second objective was to induce ordering structures to
amylopectin dispersions by applying shearing actions, and to study the relationships
between shear-induced structures of amylopectin dispersions and amylopectin molecular
structure characteristics (e.g. degree of branch and chain length distribution). Our third
objective was to study the effects of hydrocolloids with different molecular features (e.g.
charged or neutral, branched or linear, rigid or flexible) on shear-induced patterns of
amylopectin/hydrocolloid dispersions. The contributions of hydrocolloids on rheological
behaviors of amylopectin/hydrocolloid dispersions were evaluated, and the molecular reassociation of amylopectin with the presence of hydrocolloids was investigated in the
presence of shearing actions.
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CHAPTER 3.
TEMPORARY SHEAR-THICKENING BEHAVIOR
OF GELATINIZED WAXY STARCH DISPERSIONS AND PH –
RELATED RETROGRADATION OF AMYLOPECTIN. EFFECT
OF AMYLOPECTIN MOLECULAR CHARACTERISTICS

3.1

Abstract

After gelatinization, starch dispersions commonly exhibit shear-thinning behavior, which
is shown as a decrease in viscosity with increasing shear rate. However, an unusual shearthickening behavior in 10 % w/w gelatinized waxy potato and waxy corn starch
dispersions at a shear rate of around 20 s-1 was observed in this study. This phenomenon
was not detected in dispersions of gelatinized waxy rice and normal potato, corn, and rice
starch dispersions. The gelatinized waxy potato starch dispersion required a higher
mechanical energy to break its structure and displayed a lower ability to recover it when
compared to gelatinized waxy corn and rice starch dispersions.
Short-term storage (2 days) did not alter the shear-thickening behavior but resulted in an
increase of the overall viscosity of gelatinized starch dispersions. Conversely, long-term
storage of gelatinized waxy potato starch dispersions resulted in the disappearance of the
shear-thickening behavior. After 7-day storage, results of temperature sweep SAOS tests
showed that at a certain transition temperature there is a sharp increase in the sample
phase angle indicating a transition of the dispersion to a more fluid-like behavior. The
phase angle changed less in gelatinized waxy corn starch dispersions, and a change was
hardly detected in the gelatinized waxy rice starch dispersion.
pH displayed a critical role on potato amylopectin retrogradation with long-time storage
(7 days). Acidic conditions were assumed to lower the repulsion between segments of
long chains attached to the phosphate groups present in potato amylopectin and, thus,
were hypothesized to promote chain association and formation of ordered structure in the
amylopectin molecule.
Research on shear-thickening behavior and pH-related molecular re-association of waxy
potato starch is expected to help to better understand the role of this starch in the

21
digestion process, with special consideration to potential interactions of this starch with
other food components, and to provide insights on the design of starchy foods with
desired nutritional functionality.

3.2

Introduction

Starch is widely used in the food, paper and textile industries, since it is inexpensive,
non-toxic, renewable and biodegradable (Richardson and Gorton, 2003; Slattery, Kavakli,
and Okita, 2000; Yang et al., 2006). The two major biomacromolecules of starch are
amylose (D-glucose units linearly joined together by �-1, 4 glycosidic linkages) and
amylopectin (�-1, 4 linked D-glucose linear chains that are joined to each other by �-1, 6
branched linkages). The fine structure of amylopectin plays a critical role in influencing
its physicochemical properties (Jane et al., 1999). It has been reported that the branch
chain-length of amylopectin affects its crystalline structure (Ao et al., 2007),
gelatinization (Kohyama et al., 2004; Nakamura et al., 2006), retrogradation (Jacobson et
al., 1997; Kohyama et al., 2004; Singh et al., 2009), and digestion (Ao et al., 2007)
properties. Even small differences in the amylopectin fine structure may lead to a large
diversity in its functional properties (Bertoft et al., 2016).
In rheological terms, shear-thickening is an increase in viscosity with increasing shear
rate, which is observed in a very few fluids containing polymeric molecules. After
gelatinization, starch granules swell and begin to leach out the amylose molecules.
Several studies have shown that breaking intra- and inter- molecular hydrogen-bonds and
unraveling molecular chain entanglement results in shear-thinning behavior of both
normal and waxy starch pastes (Mishra and Rai, 2006; Subramanian et al., 1994). Shearthickening behavior has also been observed in a waxy corn starch paste as tested at low
shear rate range of 1-100 s-1 (Wang et al., 2010). Furthermore, increasing temperature or
lowering the starch concentration increased the critical shear rate where shear-thickening
appeared (Wang et al., 2011). Until now, information about shear-thickening behavior of
gelatinized waxy starch dispersions is very limited. The experiments reported in this and
next chapters of this thesis are aimed to further the understanding of the shear-thickening
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behavior with a broader scope of waxy starches, i.e. including their fine structures, and
potential mechanisms that promote shear-thickening behavior.

3.3
3.3.1

Materials and methods
Materials

Normal and waxy corn starches were obtained from Tate and Lyle (Hoffmann Estates, IL,
USA). Normal potato starch was purchased from Bob’s Red Mill Natural Foods
(Milwaukie, OR, USA). Normal rice starch was purchased from Sigma-Aldrich
Corporation (St. Louis, MO, USA). Waxy rice starch was provided by Dr. Rumpagaporn
at the Department of Food Science and Technology, Kasetsart University, Thailand.
Waxy potato starch (Eliane 100) was provided by Ingredion (Bridgewater, NJ, USA).
3.3.2

Sample preparation

Suspensions of 10.0% (w/w) starch concentration in a aqueous/buffer solvent were
prepared in a Rapid Visco Analyzer (RVA, Newport Scientific Pvt. Ltd., Australia) at
200 rpm stirring rate and following the protocol: (1) holding the suspension at 50oC for 3
min, (2) increasing the temperature to 95oC with a 5oC /min rate, (3) holding at 95oC for
15 min, (4) decreasing the temperature to 50oC with a 5oC /min rate, (5) holding the
temperature at 50oC for 3 min to obtain freshly prepared gelatinized starch dispersions.
After that, the freshly gelatinized starch dispersions were stored in a refrigerator at 4oC or
directly rheologically tested. Buffers with pH’s 4.0, 6.0, 7.0, 8.0 and 10.0 were prepared
by mixing suitable volumes of 0.5 M monosodium phosphate (NaHPO4) and 0.5 M
disodium phosphate (Na2HPO4) solutions.
3.3.3

Rheological measurements

All rheological tests were performed using a Discovery-3 rheometer (DHR3, TA
Instruments Ltd., New Castle, DE, USA) and using a parallel plate geometry with a 40mm diameter aluminum plate. Gelatinized starch dispersions (10% w/w) were transferred
to a Peltier Plate and trimmed after the parallel plate was set to a 1000µm gap. Water loss
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was minimized by using a solvent trap and covering the exposed edge of the sample with
mineral oil.
3.3.3.1 Shear ramp tests
Shear rate was increased from 1 to 100 s-1 linearly in a period of 300 seconds (up),
following a linear decrease from 100 to 1 s-1 in 300 seconds (down). The measuring
temperature was held at 5oC. The area enclosed between the up and down curves of the
flow curve was calculated and used to assess the degree of thixotropy and/or rheopexy of
the gelatinized waxy amylopectin dispersions. Data of viscosity and shear stress versus
shear rate were collected and averaged based on at least three replicates.
3.3.3.2 Shear structural recovery tests
A shear structural recovery test was performed according to Mezger (2006) with some
modifications. A constant shear rate was applied to freshly gelatinized waxy starch
dispersions according to the following procedure: (1) application of a constant shear rate
of 1 s-1 for 120 seconds, (2) application of a constant shear rate of 500 s-1 for 60 seconds,
(3) application of a constant shear rate of 1 s-1 for 180 seconds, (4) application of a
constant shear rate of 500 s-1 for 60 seconds, and then (5) application of a constant shear
rate of 1 s-1 for 180 seconds. The shear structural recovery of the dispersions was
calculated by Eqs. (3-1):
4∗
% ��������(∗) = _u
4 ()
5

(3-1)

where � ()
7 is the average apparent viscosity of the dispersion at the last 30 seconds of
step (1), and � (∗) is the average apparent viscosity of the dispersion calculated during the
first 30 seconds of step (3) and step (5).
3.3.3.3 Temperature sweep tests
Measurements to assess retrogradation of the different gelatinized waxy starch
dispersions were performed by increasing the sample temperature from 25 to 95oC with a
rate of 5oC /min at a frequency of 1 rad/s and a 1% strain. Fifteen points were collected in
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the test and the soaking time was 10 seconds before recording each point. A temperature
sweep test was conducted on retrograded samples after 2-hour, 1, 2 and 7-day storage at
4oC. For the study on pH-dependence of starch retrogradation, the pH’s of the samples
were set at 4.0, 6.0, 7.0, 8.0, and 10.0 using sodium phosphate buffers, and the
gelatinized waxy starch dispersions were stored at 4oC for 7 days before conducting the
temperature sweep tests.
3.3.4
1

1

H NMR Spectroscopy

H NMR spectroscopy was used to determine the degree of branching (DB) of waxy

starch samples as previously described by Tizzotti et al. (2011) with some modifications.
Waxy starch samples (5 mg) were dissolved in 750 µL d6-DMSO (Sigma # 156914)
containing 0.5% lithium bromide (Sigma # 213225). The mixture was transferred to a 5
mm NMR tube using a Pasteur glass pipet. Right before acquisition of the NMR spectra,
50 µL of d1-TFA (Sigma # 152005) were added to the waxy starch samples. 1H NMR
spectra of samples were measured at 80oC on a Bruker Avance NMR spectrometer
(Bruker Biospin, Rheinstetten, Germany), equipped with PATXI probe, operating at a
frequency 800.13 MHz with an 8µs 90o pulse, repetition time of 9.15 s (composed of an
acquisition time of 3.15s and a relaxation delay of 6s); the number of scans was 32. DB
of samples were calculated using the following equation as previously described by
Zhang et al. (2014).
�� (%) =

:;<(=,?)
:;<(=,?) @ :;<(=,A)

(3-2)

Where �CD(E,F) is the integral of �-(1,6) linkages, and �CD(E,G) is the integral of �-(1,4)
linkages.
3.3.5

Molecular size distribution

Samples were prepared as previously described by Zhang et al. (2006). Molecular size
distribution of the samples was determined using high-performance size exclusion
chromatograph (HPSEC) equipped with multi-laser scattering (MALS) and refractive
index (RI) detectors (HPSEC-MALLS-RI), a pump (model LC-10AT vp, Shimadzu
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Corp., Columbia, MD), and a syringe sample loading injector (model 7125, Rheodyne
Inc., Catati, CA) as previously reported. A dn/dc value of 0.146 was used in molecular
size calculations and data processing was done using ASTRA software (Version 4.9,
Wyatt Technology, Santa Barbara, CA).
3.3.6

Zeta potential

The degree of electrostatic repulsion between adjacent similarly charged segments of the
amylopectin and hydrocolloid molecules was determined by the zeta (�) potential. The �
potential of waxy potato amylopectin and hydrocolloid dispersions was determined with
a Zetasizer Nano ZS90 (Malvern Instruments Ltd., UK). Hydrocolloid (0.03 g) was
dispersed in deionized water (30 mL) with stirring for 24 hours at room temperature, then
incubated in boiling water bath for 30 min with stirring. Waxy potato starch (0.03 g) was
directly suspended in deionized water (30 mL) in a glass container followed by
immersion in a boiling water bath for 30 min with continuous stirring to reach starch
gelatinization. All measurements were carried out at 25oC. The � potential was calculated
from the electrophoretic mobility using the Smoluchowski equation (Hunter, 1981; Sze et
al., 2003).
3.3.7

Statistical analysis

Results in this chapter were expressed by means of values ± standard deviation of three
separate determinations. The statistical analysis was implement with R 3.3.3 software
based on Tukey multiple comparison.

3.4
3.4.1

Results and discussion
Molecular characteristics of waxy starches

The starches used in the research were characterized in terms of degree of branching (DB)
and molecular size. Their DB and average molecular weight (�% ) were measured by 1HNMR and HPSEC-MALLS-RI, respectively, and results are shown in Table 3-1. Values
of DB and �% of waxy corn and waxy rice starches were similar and higher than those
obtained for waxy potato starch.
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3.4.2

Apparent shear-thickening behavior of gelatinized starch dispersions

Fig. 3-1 shows flows curves of 10.0% (w/w) gelatinized starch dispersions during the
two-continuous flow cycles using up ramp tests from 1 to 100 s-1 followed by down ramp
tests from 100 to 1 s-1, in both cases with a ramp duration of 300 seconds. Since 10%
(w/w) gelatinized normal corn starch forms a gel at 5oC and fractured with increasing
shear rate, a 5% (w/w) concentration was instead used for testing normal corn starch.
With increasing shear rate, gelatinized starch dispersions of normal starches commonly
exhibit shear-thinning behavior, meaning that viscosity decreases with increased shear
rate. As illustrated in Fig. 3-1, normal corn starch, normal rice starch and waxy rice
starch shows typical shear-thinning rheological properties. Normal potato starch, on the
other hand, displays an apparent shear-thickening behavior at low shear rates (below 5 s-1)
and shear-thinning behavior at shear rates higher than 5 s-1. Waxy potato and corn
starches displays an apparent shear-thickening behavior when the shear rate increases to
approximate 20 s-1. This ‘temporary’ shear-thickening behavior was not recoverable
when the flow ramp cycle was repeated. No shear-thickening behavior was observed
during the down - shear rate ramp in the repeated cycles (decrease shear rate-2),
indicating that this ‘shear-thickening behavior’ is not permanent and can be affected by
shear forces. For this reason and considering that the shear thickening phenomenon
disappears by the action of high shear forces, the behavior is designated in the rest of the
thesis as an ‘temporary shear-thickening’ phenomenon, meaning that this behavior is
dependent on both shear rate magnitude and the time under which the shear is applied.
3.4.3

Hysteresis loop of normal and waxy starch dispersions

Fig. 3-2 shows the flow curves, in terms of shear stress versus shear rate, of 10.0% (w/w)
gelatinized starch dispersions determined from the flow ramp test. A hysteresis loop
(measured by the area contained between the upward and downward curves of shear
stress vs. shear rate data) can be used to predict texture and structure degradation (Joly
and Mehrabian, 1976). If the shear stress values of the up curve are larger than those of
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the down curve, the phenomenon is called thixotropy, whereas if the up curve is lower
than the down curve, the phenomenon is called rheopexy. As illustrated in Fig. 3-2,
gelatinized normal potato, normal rice and waxy rice starch dispersions show thixotropic
behavior. Conversely, gelatinized normal corn starch dispersions show rheopectic
rheological behavior. It can be noted that thixotropic behavior resulted in positive
hysteresis loop values, whereas rheopectic behavior in negative values (Table 3-2). Both
waxy potato and waxy corn starches exhibited rheopectic behavior at low shear rates
(below 15 s-1) and thixotropic behavior at shear rates higher than 15 s-1 in the first
hysteresis loop cycle (red curve). In the second hysteresis loop cycle, all starches except
normal corn starch, which has a clear rheopectic behavior indicated by negative value of
the loop area, displayed thixotropic behavior. By comparing the measured hysteresis loop
values, reported in Table 3-2, all the second hysteresis loop areas dramatically decreased
to 20% - 43% of the first loop areas, except for normal corn starch which exhibited no
significant differences. The large area of the first loop suggested a rapid structural
breakdown of the gelatinized starch dispersions during the up curve in the shear range of
1-100 s-1, which may be attributed to disentanglement and elongation of the amylopectin
molecules and breaking of intermolecular hydrogen bonds. The breaking and reforming
of hydrogen bonds take very short times in the order of picoseconds to nanoseconds and
up to tens of nanoseconds (Bondar and White, 2012); therefore, they may reform at the
end of first hysteresis loop and easily break and reform during each repeated loop cycles
within a short period of time. However, partial recovery of the full structure may take
longer time for these starches due to their complex macromolecular structure features.
They may even be subjected to a permanent loss of the structure during the 1st loop cycle.
Thus, in the 2nd loop cycle, the shear stress/viscosity and calculated loop area are lower
compared to the first cycle. Interestingly, in gelatinized waxy potato and waxy corn
starch dispersions, a more structured molecular organization built up at low shear rates,
which was broken down at high shear rates. The negative value of loop area in
gelatinized waxy potato and waxy corn starch dispersions at low shear rates, indicating a
rheopectic behavior, was suggesting that at those shear conditions these systems are
forming more organized structures.
3.4.4

Shear structure recovery tests of gelatinized waxy starch dispersions
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The shear recovery test is a useful approach to study the ability of gelatinized starch
dispersions to recover their structure at low shear rate conditions (e.g. 1 s-1) after the
breakdown of the material structure is promoted at high shear rate conditions, e.g. 500 s-1
(Mezger, 2006). The viscosity profiles of gelatinized waxy corn, potato and rice starch
dispersions after the application of two cycles in a shear recovery test are shown in Fig.
3-3. At the first shear rate step cycle of 1 s-1, the gelatinized waxy potato dispersion was
more viscous than waxy rice followed by waxy corn. After the application of a higher
shear rate of 500 s-1 to break the dispersion structure, the three samples showed similar
viscosities. But when the shear rate was changed back to 1 s-1, the viscosities of the
gelatinized waxy potato and waxy rice dispersions were similar, and higher than the
viscosity of gelatinized waxy corn starch dispersion. In a second cycle shear, the
viscosities of the samples at a shear rate 500 s-1 were similar and upon a decrease of the
shear rate at 1 s-1 they had similar values compared to those observed during the first
cycle. The shear recovery test data were shown in Table 3-3. No significant difference in
structure recovery was observed in the first and second cycles for all the samples. After
application of a high shear of 500 s-1, gelatinized waxy potato dispersions showed the
least recovery when shear rate was decreased to 1 s-1 indicating that the broken-down
structure of the starch dispersion took a longer time to partially recover its original
structure. The gelatinized corn starch dispersion was more recoverable than the
gelatinized waxy potato starch dispersion, whereas the gelatinized rice starch dispersion
displayed the highest recovery.
The shear structure recovery tests results appear to agree with the hysteresis loop area
results previously discussed and shown in Table 3-2. Given the higher viscosities
observed, it appears that gelatinized waxy potato starch dispersions required more energy
to breakdown their structures at high shear rates conditions (shear rate 500 s-1, which
were also more difficult to recover when the shear conditions were not strong, e.g. with a
shear rate of 1s-1. The shear structural recovery of macromolecules can be correlated with
their molecular structure characteristics (e.g. branch density, branch location, molecular
weight and length of the branches). As illustrated in Table 3-1, DB and �% of waxy
potato starch values were lower than the values corresponding to waxy corn and rice
starches. It was reported that potato amylopectin has longer segments between branches
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and branches with longer chain, compared with corn and rice amylopectin (Bertoft, 2004,
2013; Bertoft et al., 2008). It has been hypothesized that the long chain branches, longer
segments between branches, and low DB of potato amylopectin favor the formation of
stronger molecular interactions, which, therefore, may increase the viscosity and enhance
retrogradation of amylopectin. This proposed complex structure of gelatinized waxy
potato starch was more resistant to deformation at high shear rate conditions, and more
resistant to recover when the shear rate was back to low shear conditions (e.g. a shear rate
of 1 s-1) afterwards.
3.4.5

Retrogradation of gelatinized waxy starch dispersions

The gelatinized starch dispersions (10% w/w) were stored at 4oC for 2 hours, 1, 2 and 7
days. The flow curves of these dispersions are shown in Fig. 3-4. Shear-thinning behavior
was observed in waxy rice dispersions stored for the different times except for the sample
stored for 7 days, suggesting that a small shear rate (around 5 s-1), long term
retrogradation contributes to a slightly shear-thickening behavior. For gelatinized waxy
corn starch dispersions, after 7-day storage, a shear-thickening behavior, observed at
shear rate ranges around 20 s-1, did not change much, except that large values of viscosity
were observed. Changes of gelatinized waxy potato starch dispersion viscosities upon
refrigerated storage showed a similar phenomenon when compared to the waxy corn
starch dispersion, e.g. the shape of flow curve did not change up to 2-day storage.
However, after 7-day storage, the viscosity of gelatinized potato starch dispersion was
much higher compared to that of the freshly prepared sample, and the other two starches,
especially at low shear rates. It is important to note that under those 7-day storage
conditions, the shear-thickening behavior of gelatinized potato starch dispersion totally
disappeared.
A temperature sweep from 5 to 95oC and a heating rate of 5oC /min using the SAOS test
was performed on the stored starch dispersions. Results were analyzed based on the
measured phase angles (Fig. 3-5). After 2-hour storage, the phase angles of waxy rice and
waxy potato starch dispersions were approximate 30o and nearly independent of
temperature. Gelatinized waxy corn starch dispersion displayed higher value of phase
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angles than waxy potato and waxy rice starches in the temperature range tested. Storage
conditions did not seem to affect the measured phase angles of the gelatinized rice and
corn waxy starch dispersions. However, both transition temperature and phase angle
values of stored waxy potato dispersions changed significantly, especially for 7-days
storage. At low temperatures (before approximately 55oC), phase angle values of stored
waxy potato starch dispersions showed a plateau, but when the temperature reached 55oC,
a steep and significant increase of phase angle was observed for samples stored for 2 and
7 days, indicating a transition from a gel-like to a more viscous and liquid-like behavior.
In other words, at that temperature, potential junction zones were melting due to the high
temperatures. When the temperature reached 75oC, the phase angle values of the stored
waxy potato starch dispersions reached a plateau in a range of temperatures from 75 to
95oC. Since amylopectin is responsible for long-term retrogradation, the changes of
phase angle values were attributed to retrogradation of amylopectin molecules in
gelatinized waxy potato starch dispersion upon storage at low temperature conditions.
The retrogradation of amylopectin promoting more organized structures results in
samples having more elastic properties.
3.4.6 Effects of pH on molecular re-association of potato amylopectin
Through results discussed in previous sections of this chapter, waxy potato amylopectin
was proposed preferably to re-associate during long-term storage leading to a more
ordered structure compared to waxy corn and waxy rice amylopectin. Potato starch
contains approximately a 50 times higher amount of phosphate groups than cereal
endosperm starch, like corn and rice (Blennow et al., 2000; Tabata et al., 1975; Xu et al.,
2017), a feature that was hypothesized to result in potato amylopectin being more
sensitive to pH changes. Thus, the effects of pH values on molecular re-association of
potato amylopectin during 7-day storage at low temperature conditions were evaluated.
Buffers with a pH range from 4.0 to 10.0 were used during the gelatinization of waxy
potato starch. The flow curves of gelatinized waxy potato starch-buffer dispersion are
shown in Fig. 3-6. Compared to flow curves of gelatinized waxy starch-water dispersions
discussed in Fig. 3-1, dispersions of waxy potato starch gelatinized in buffers displayed a
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more pronounced temporary shear-thickening behavior and an overall lower value of
viscosity at similar shear rates. When the shear rate was below 5 s-1, waxy potato
amylopectin in acidic buffers (pH 4.0 and 6.0) displayed a higher viscosity than that in
neutral and alkaline buffers (pH 7.0, 8.0 and 10.0). However, with an increasing shear
rate, waxy potato amylopectin in alkaline buffers displayed a more pronounced shearthickening behavior than in acidic and neutral buffers.
As illustrated Fig. 3-7, freshly prepared dispersions are transparent liquid exhibiting a
gel-like viscoelastic behavior with no significant difference in visual appearance. Upon 7day storage, the dispersion prepared with alkaline buffers turned into an opaque
viscoelastic liquid (phase angle higher than 45o), whereas dispersions prepared with
neutral buffers changed to weak viscoelastic solid. Upon 7-day storage under acidic
conditions, the dispersion reached an opaque gel-like visual appearance.
Storage modulus(G’) and phase angle values obtained from temperature sweep tests for
freshly prepared dispersions and stored for 7 days at 4oC are shown in Fig. 3-8. The
freshly prepared dispersions with pH’s 6.0, 7.0, 8.0 and 10.0 showed no significant
differences in G’ and phase angle values, whereas the dispersion with pH 4.0 exhibited
higher values of G’ and lower phase angles at temperatures lower than 60oC, indicating
its more elastic properties when compared to the rheological properties other dispersions.
For temperatures, higher than 60oC, G’ and phase angle values were similar at all pH’s
indicating that structural differences were minimized at high temperatures. Differences in
G’ values, noted as ∆G’, between 95 and 5oC were used to estimate the loss of the
samples elastic behavior. The loss of the elastic behavior in the retrograded starch
dispersions was also used to evaluate the extent of the ordered structure achieved by the
dispersion upon storage at low temperatures in term of helices formation and melting,
because temperature at which values of G’ decreased significantly is in general
agreement with the reported melting temperature of the helices. As illustrated in Table 34, for freshly prepared dispersions, all different pH levels have no significant difference
between each other for 0-day storage. After 7-days storage, ∆G’ substantially increased
for dispersions of pH 4.0 and 6.0. There are clearly two classes of behavior in terms of
the values of ∆G’, which are based on the results of a test of statistical significance. There
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was no significant difference of ∆G’ values among pH’s 7.0, 8.0, and 10.0, but there is
significant difference between this group (pH 7.0, 8.0 and 10.0) with values measured at
pH’s 4.0 and 6.0. There is also a significant difference between ∆G’ values measured at
pH’s 4.0 and 6.0. The order of magnitudes of the changes of ∆G’ followed the decreasing
order at pH 4.0 much higher than pH 6.0, followed by changes measured at pH 7.0-10.0.
The � potential of diluted and fully gelatinized waxy potato starch dispersions was
measured at different pH’s and results are shown in Table 3-5. � potential values were
negative and increased in magnitude with increases of pH up to pH 7.0 and, for higher pH,
changes in the � potential were very small. The reduction of the � potential at low pH’s
indicates a lower degree of electrostatic repulsion between segments containing charged
phosphate groups, which agrees with previous research (Marsh and Waight, 1982).
Accordingly, due to electrostatic repulsion effects the movement of chains of
amylopectin in alkaline conditions was proposed to be facilitated under shear action than
that in acidic conditions, and, therefore resulting in lower viscosities at low shear rate
(below 5 s-1). However, the shear-thickening behavior was more pronounced in alkaline
solutions. The � potential values of waxy potato amylopectin dispersion at different Ph’S
ranging from 4.0 to 10.0 were strongly correlated with ∆G’ values after 7-day storage.
Adjusting � potential via changes of pH, and therefore decreasing chain repulsion, was
proposed to increase the formation of ordered structures in stored waxy potato starch
dispersions. A linear regression between � potential and ∆G’ showed that these two
variables are strongly positively correlated with a correlation coefficient of 0.858.

3.5

Conclusions

Gelatinized waxy potato and corn starch dispersions displayed a temporary shearthickening behavior at a shear rate around 20 s-1, a phenomenon that was not observed
either in gelatinized waxy rice starch or in gelatinized normal potato, corn, or rice starch
dispersions. The hysteresis loop area of gelatinized waxy starch dispersions, which is an
indication of the energy required to break the structure of these dispersions, followed the
order of: potato > corn > rice. The negative hysteresis loop values at low shear rates
suggested the tendency of waxy potato and corn starch dispersions to form more

33
organized structures compared to the waxy rice starch dispersion that prevail or have the
ability to reform slowly when the shear rate is decreased. The results of shear structure
recovery showed that the recovery of the dispersions internal structures after their
breaking by high shear conditions followed an order:

potato < corn < rice. Thus,

rheological results including hysteresis loops and partially shear structural recovery
indicate that organized structures present in gelatinized waxy potato dispersion require
higher shear forces to break it and had a slower rate for partial recovery than gelatinized
dispersions of waxy corn and rice starches. The presence of phosphate groups in long
chains were hypothesized to enhance structural organizations at low pH, which is
supported further by � potential measurements.
After storage of the dispersions for 2 hours, 1, 2 and 7 days at 4oC, the shear-thickening
behavior of the waxy corn starch sample, measured at 4oC, did not appreciably change.
Conversely, the shear-thickening behavior disappeared for gelatinized waxy potato starch
dispersion after 7-day storage. Viscoelastic tests on gelatinized waxy potato starch
dispersions measure in a temperature sweep test over a temperature range of 25 to 95oC
showed a gradual increase in the phase angle indicating a transition to a more liquid
behavior. Conversely, the phase angle did not change for waxy corn and rice starch
dispersions during storage. Upon storage at low temperatures, gelatinized waxy potato
starch dispersion showed a much lower phase angle value than gelatinized waxy corn and
rice starch dispersions at temperature ranging from 25 to 70oC, indicating a more elastic
rheological behavior upon storage. The shear-thickening rheological behavior was,
therefore, hypothesized to be related to amylopectin retrogradation. Lower degree of
retrogradation did not have significant effects on shear-thickening rheological properties,
but high degree of retrogradation (e.g. retrograded waxy potato starch for 7 days) caused
the disappearance of the shear-thickening behavior.
pH significantly influenced intermolecular associations, during 7-day storage of
gelatinized waxy potato starch dispersions. At acidic conditions (pH 4.0), the elastic
behavior of waxy potato starch dispersions was substantially promoted to reach storage
modulus about 140 times higher than that those measured under alkaline conditions. The
� potential of gelatinized waxy potato starch dispersions at different pH’s suggests that
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the repulsion between potato amylopectin molecules, especially chains having phosphate
residues, is a reason for the lack of ordering mechanisms. Conversely, under acidic
conditions the reduction of electrostatic repulsive forces may promote molecular
association.
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Table 3-1 Molecular characteristics of waxy starches
Starch

DB*

Molecular weight

Waxy corn starch

4.13

4.54 × 108

Waxy potato starch

2.88

3.26 × 108

Waxy rice starch

4.37

4.49 × 108

*DB = Degree of Branching, Analysis were done using 800 MHz 1H NMR. Samples were dissolved
in d6-DMSO and d6-TFA were used to shift to water peak, which enabled to see α-1,6 linkages
more clearly.
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Table 3-2 Hysteresis loop area of gelatinized starch dispersions
Starches

1st loop

2nd loop

Waxy potato starch

6873.5 ± 393.7

1914.1 ± 74.8

Normal potato starch

15745.2 ± 1136.2

5229.6 ± 198.3

Waxy corn starch

3525.1 ± 588.3

1503.2 ± 20.2

Normal corn starch

-265.5 ± 252.3

-243.0 ± 368.0

Waxy rice starch

4221.4 ± 264.3

1256.8 ± 179.0

Normal rice starch

2270.1 ± 102.0

471.2 ± 20.3
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Table 3-3 Shear structural recovery of dispersions
Waxy corn starch

Waxy potato starch

Waxy rice starch

(%)

(%)

(%)

1st

84.7 ± 3.3

94.7 ± 4.2

78.3 ± 4.6

nd

85.6 ± 3.7

90.5 ± 6.9

78.6 ± 4.6

Recovery

2
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Table 3-4 ∆ G’ (95oC – 5oC) of dispersion with different pHs
pH

0 day (Pa)

7 days (Pa)

4.0

15.1a ± 0.3

1393.3b ± 94.9

6.0

10.6a ± 0.6

239.0b ± 27.1

7.0

10.0a ± 0.3

32.6a ± 0.3

8.0

10.0a ± 0.4

16.3a ± 0.7

10.0

8.6 a± 0.2

10.2a ± 0.7

Values with different letters in the same column are significantly different with p < 0.05.
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Table 3-5 Zeta(�) potential of potato amylopectin dispersion at different pHs (in diluted
dispersions)
pH

� potential (mV)

4.0

-1.7 ± 0.1

6.0

-3.1 ± 0.3

7.0

-4.2 ± 0.3

8.0

-4.3 ± 0.3

10.0

-4.5 ± 0.4
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100

100
Viscosity (Pa·s)

Viscosity (Pa·s)

Waxy corn starch 10% w/w

10

1
1

25

Waxy potato starch 10% w/w

10

10

1

0.1

125

1
1000
Viscosity (Pa·s)

Viscosity (Pa·s)

100

5

Normal corn starch 5% w/w

1

5

25

125

Normal potato starch 10% w/w

100

10

1
1

100

5

25

125

1
100

Viscosity (Pa·s)

Viscosity (Pa·s)

Waxy rice starch 10% w/w

10

5

25

125

Normal rice starch 10% w/w

10

1

1
1

5
25
Shear rate (s-1)
Increase shear rate-1
Increase shear rate-2

125

1

5
25
Shear rate (s-1)
Decrease shear rate-1
Decrease shear rate-2

125

Figure 3-1 Hysteresis loops of two flow curves (viscosity versus shear rate ramp tests)
from 1 to 100 s-1 (up curve) followed by decreasing shear rates from 100 to 1 s-1 at 5oC of
gelatinized starch dispersions. 1 indicates cycle 1 whereas 2 indicates cycle 2
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Figure 3-2 Hysteresis loops of two shear stress versus shear rate ramp tests from 1 to 100
s-1 (up curve) followed by decreasing shear rates from 100 to 1 s-1 (down curve) at 5oC in
gelatinized starch dispersions. 1 indicates cycle 1 whereas 2 indicates cycle 2
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Figure 3-3 Shear structural recovery tests applied to 10% w/w waxy starch dispersions at
5oC using the following protocol: shear rates of 1 s-1 120 seconds, 500 s-1 for 60 seconds,
1 s-1 for 180 seconds, 500 s-1 for 60 seconds and 1 s-1 for 180 seconds.

43

Viscosity (Pa.s)

125

25

5

corn starch 2h
--•- waxy
waxy corn starch 1d

-6-

- -o- - waxy corn starch 2d

---+-- waxy corn starch 7d

1
1

5

25

125

25

125

25

125

625

Viscosity (Pa.s)

125
25
potato starch 2h
--•- waxy
waxy potato starch 1d

5

-6-

- -o- - waxy potato starch 2d
---+-- waxy potato starch 7d

1

Viscosity (Pa.s)

125

1

5

25

5

rice starch 2h
--•- waxy
waxy rice starch 1d
----A--

-❖-

waxy rice starch 2d

--+- waxy rice starch 7d
1
1

5

Shear rate (s-1)

Figure 3-4 Flow curves of 10% w/w waxy starch dispersions over a shear rate range of 1
- 100 s-1 stored at 4 oC for 2 hours, 1, 2 and 7 days.
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Figure 3-5 Temperature sweep test (25 - 95oC) of 10% w/w waxy starch dispersions store
at different storage times ( 2 hours, and 1, 2 and 7 days)
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Figure 3-6 Shear ramp tests on waxy potato amylopectin dispersion in phosphate buffer
with different pHs (4.0, 6.0, 7.0, 8.0 and 10.0)
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Figure 3-7 Photos of potato amylopectin dispersed in phosphate buffers with different
pHs (4.0, 6.0, 7.0, 8.0 and 10.0). Freshly prepared and stored for 7 days at 4oC
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Figure 3-8 Temperature sweep using a SAOS test on potato amylopectin dispersed in
phosphate buffers of different pHs (4.0, 6.0, 7.0, 8.0 and 10.0). Freshly prepared and
stored for 7 days at 4oC.
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CHAPTER 4.
SHEAR-INDUCED ORDERING OF
AMYLOPECTIN DISPERSIONS

4.1

Abstract

Dispersions of biomacromolecules in aqueous systems are commonly found among foods
and non-food materials and have important applications. Typically, the action of shear
forces leads to changes in the structure of these dispersions resulting in a variety of
rheological phenomena including shear-thinning and thixotropic rheological behaviors.
Dispersions containing biomacromolecules, such as amylopectin, were found to exhibit
shear-thickening and rheopectic rheological behavior, indicating the formation of
complex shear-induced structures. By applying shear in a range of shear rates 5-25 s-1
was discovered that two different shear-induced patterns were formed in dispersions of
amylopectin molecules obtained from different sources, which have different flexible
chains/segments. Results showed that molecular aggregation of waxy corn and waxy
potato amylopectin dispersions resulted in increased viscosity within a short period of
time in which a stage of equilibrium was not achieved. However, after a 24-hour period
of shearing at a low temperature, molecular ordering, significant increase of viscosity,
and formation of crystalline structures were observed. This research provides an insight
of shear-induced structures and a behavior that appears to occur in the presence of highly
branched biomacromolecules. It presents a simple but innovative potential processing
strategy to significantly improve the formation of structures in macromolecular
dispersions that results in biomaterials with different and improved functionality.
4.2

Introduction

Amylopectin molecules with structures promoted by molecular re-association (also
known as retrogradation in publications within the area) have preferable nutritional
functionality, such as lower glycemic response and slower glucose release (Colussi et al.,
2017; Xie et al., 2014). Despite of the well-recognized nutritional function of retrograded
starch molecules, amylopectin retrogrades with low efficiency. Approaches, such as
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retrogradation by means of recycled cooling and heating processes, have been studied to
improve the efficiency of amylopectin retrogradation (Arcila and Rose, 2015; VernonCarter et al., 2016; Xie et al., 2014). However, it can take days to achieve the desired
degree of a re-associated structure.
Synthetic polymers, such as polylactide with long-chain branches, can form ordered
structures as a precursor for crystallization in the presence of an applied shear at a
constant rate after exceeding a critical shear time (Fang et al., 2013). It was proposed that
shear forces applied at constant shear rates stretched the molecules to a conformation that
was preferable to initiate the crystallization process (Fang et al., 2013). Long-chain
branches of amylopectin can also be stretched with application of a constant shear.
Applying a constant shear rate to a concentrated gelatinized waxy amylopectin dispersion
was, therefore, hypothesized to promote and accelerate the formation of ordered
structures.
Shear forces exist during many types of food processes and, as well, after consumption
and transit in the gastrointestinal tract. Thus, understanding of shear-induced structural
changes in concentrated waxy amylopectin dispersions will help to better define complex
rheological properties of starchy foods and to open possibilities to design starch-based
functional foods.
4.3
4.3.1

Materials and Methods
Materials

Samples of waxy corn (0.68% amylose, Amioca), waxy potato (0.00% amylose, Eliane
100) and waxy rice (0.00% amylose, Penpure 37) starches were provided by Ingredion
(Bridgewater, NJ, USA). The ‘amylopectin dispersion’ mentioned in this and following
chapter was prepared from gelatinized waxy starches.
4.3.2

Size-exclusion chromatography

For molecular size distribution determination of fully branched starches, starches were
dissolved in a DMSO solution containing lithium bromide (0.5% w/w) (DMSO/LiBr).
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For molecular size distribution determination of individual branches, starch was
precipitated with absolute ethanol and then debranched using isoamylase (Hasjim et al.,
2010).
The molecular size distributions of fully branched and debranched starches were
analyzed in duplicate using a size exclusion chromatography (SEC) system (Agilent 1260
series, Agilent Technologies, Waldbronn, Germany) equipped with a refractive index
detector (RID, RID-10A, Shimadzu, Kyoto, Japan). For fully branched starches, the
columns used were GRAM 30 and 3000 (PSS GmbH, Mainz, Germany) connected in
series, which provided separation in the range of 5 × 103 to ∼5 × 106 Da, corresponding
to average hydrodynamic radii ( �K ) in an approximate range from 0.5 to 50 nm.
Debranched samples were analyzed by GRAM 100 and 1000 columns connected in series,
which has a separation range of 100 to ∼106 Da. All columns were maintained at a
constant temperature of 80oC. Size distribution was expressed as a SEC weight
distribution plot consisting of w(logVh), which was derived from RID signals, as a
function of the average �K . The degree of polymerization (DP) of linear branches was
calculated from the hydrodynamic volume (Vh) using the Mark-Houwink equation
(Vilaplana and Gilbert, 2010a).
The average �K of whole starch molecules was calculated following the method detailed
by Vilaplana and Gilbert (2010b). Fine molecular structures of amylopectin branches are
reported as the DP at each peak maximum (XAP1 and XAP2), and the peak height of each
peak maximum is reported as the ratio to the height of the first amylopectin peak
maximum (denoted by hAP2/AP1). The amylose content of starch was determined from the
SEC weight molecular size distribution of debranched starch as the ratio of the Area
Under the Curve (AUC) of amylose branches to the AUC of overall amylopectin and
amylose branches (International Standardization Organization, 2011; Vilaplana, Hasjim
and Gilbert, 2012).
The degree of branching (DB) of the starch molecules, defined as the percentage of α(1→6) glycosidic linkages (branching points) to the total of both α-(1→4) and α-(1→6)
glycosidic linkages, was determined as the inverse of the number average of the number
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distribution of chains with DP X, Nde(X), which is number average of the number
distribution of chains with DP X, derived from SEC weight distributions of debranched
starch (DB = 1/number average of Nde(X) (Wu, Morell and Gilbert, 2013).
4.3.3

Preparation of concentrated amylopectin dispersions

Amylopectin dispersions (10% w/w) were prepared from gelatinized waxy starch using a
Rapid Visco Analyser (RVA, Newport Scientific Pvt. Ltd., Australia) to control the
temperature and shear (by controlling stirring speed) using the following procedure: 1)
stirring the suspension at 50oC for 3 min, 2) increasing the temperature to 95oC with a
rate 5oC/min while maintaining stirring, 3) holding the dispersion at 95oC for 10 min
under stirring, 4) decreasing the temperature to 25oC with a rate of 5oC /min maintaining
stirring, then 5) holding the temperature at 25oC for 3 min with stirring. A stirring speed
of 200 rpm was used for the whole procedure.
4.3.4

Rheological measurements

The rheological measurements were obtained using the same equipment and settings
described in section 3.3.3.
4.3.4.1 Hysteresis loop
Shear rate was increased from 1 to 100 s-1 linearly in 300 seconds (up), following a
decrease from 100 to 1 s-1 linearly in 300 seconds (down). The rheology of the
dispersions in the test was conducted at temperatures 5, 15, 25, 35, 45, 55 and 65oC. The
area between the up and down curves during the test was calculated to assess the degree
of thixotropy and/or rheopexy of the waxy amylopectin dispersions. Data on viscosity
and shear stress were collected and averaged based on at least three replicates.
4.3.4.2 Dynamic oscillatory temperature sweep test
Dynamic temperature ramp measurements were conducted over a temperature range of
25 to 95oC. Measurements were taken while the sample temperature was increased from
25 to 95oC at 5oC /min. The oscillation frequency was 1.00 Hz and the applied strain was
10% (within the determined linear viscoelastic regime of the dispersions). Storage
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modulus (G’), loss modulus (G”) and phase angle (δ) were collected during the test, and
the soaking time was set to 10 seconds before recording a new data point.
4.3.4.3 Long-term shear-induced rheological properties
A constant shear rate of 20 s-1 at 5oC for 24 hours was applied to the amylopectin
dispersions to assess the effect of shear rate and the shear duration on the structures of the
dispersions. Mineral oil was not used to cover the sample open area in this test, because it
was found that oil penetrated through the edge of sample during the long-term shearing,
thus affecting the results. A sample without application of shear was used as a control to
determine whether water loss may have some effect on the results during the long-term
holding. Viscosity changes were recorded during the test. A frequency sweep using a
SAOS test was performed every 2 hours with a 10% strain to track changes in the sample
viscoelasticity. After holding for 24 hours, a dynamic oscillatory temperature sweep test
was conducted as described in 4.3.4.2.
4.3.5

Dynamic light scattering

Freshly prepared waxy amylopectin dispersions were applied a shear rate range from 0.1
to 20 s-1 for 60 seconds, then kept at 20 s-1 for 10 min at 25oC. At the end of the tests,
samples were collected to perform dynamic oscillatory temperature ramp tests as those
described in section 4.3.4.2, and to determine the �K of the different molecular
constituents forming the dispersions.
For the determination of �K , dispersions were diluted 200 times using filtered deionized
water with gently mixing. The diluent was allowed to set for 4 hours to ensure sufficient
dispersion of molecules into the aqueous supernatant, and separation of dissolved and
dispersed single molecules from aggregates with precipitates. Supernatants (2 mL) were
transferred into a cylindrical glass cell for the following measurements described by Du,
Reuhs and Jones (2016). Dynamic light scattering (DLS) measurements were carried out
at 25oC with an ALV-CGS3 goniometer (ALV, Langen, Germany) fixed at 90° and a
Multiple Tau Digital correlator (ALV/LSE-5004, Langen, Germany). The light source
was a HeNe laser (�M = 632.8nm), which was detected by ALV High Q.E. avalanche
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photodiode (APD) dual detectors in pseudo cross correlation mode. The �K data of
dispersions were calculated from the z-average diffusion coefficients (�N ) using the
Stokes-Einstein equation. The CONTIN algorithm was applied to non-monomodal
distributed amylopectin molecules and aggregates.
4.3.6

Cryo-scanning electron microscopy

Amylopectin dispersions (10% w/w) were prepared in the presence of a 20 s-1 shear rate
at 5oC for 24 hours in a stress-controlled rheometer using a 40-mm diameter parallel plate
geometry with 1000 µm gap. Dispersions in the absence of shear rate were also prepared.
The prepared dispersions were mounted on aluminum specimen holders with a slot. The
specimens were mounted with approximately 1 mm of the sample rising above the holder
surface, then frozen by plunging them into a liquid nitrogen slush, and then they were
cryo-transferred into the preparation chamber of the Gatan Alto 2500 system set at a
temperature of -185oC (Gatan Inc, Pleasanton, California, USA). Samples were fractured
with the preparation chamber knife and transferred to the FEI NovaNano SEM (FEI
Company, Hillsborough, Oregon, USA) and placed on the cryo-stage set for sublimation
of the surface ice at -90oC. Fractured surfaces were sublimated and imaged until a
structure was observed and then returned to the Gatan cryo-preparation chamber for 120
seconds of sputter coating using a platinum target at a temperature of -185oC. During
sputter coating, the SEM cryo stage was lowered to -140oC to prepare the sample for final
imaging. Upon completion of 120 seconds of sputtering, the sample was reinserted onto
the NovaNano SEM cryo-stage and images of fractured surfaces were obtained. The
microscope was set with a spot size of 3 and a 5 KV voltage. An Everhart Thornley
detector (ETD) was used for imaging at 14000 x and the Through-the-Lens detector
(TLD) was used for higher magnifications.
4.3.7

Differential scanning calorimetry

Differential scanning calorimetry (DSC, TA Instruments DSC 2000 Modulated DSC,
New Castle, DE, USA) was used to study the thermophysical properties of re-associated
amylopectin. An empty pan was used as a reference, and the system was calibrated with
indium.
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4.3.7.1 Concentrated amylopectin dispersion
Waxy starch (8 mg) was weighed into DSC aluminum pans. Deionized water (13 µL)
was added, and pans were sealed. Sample pans were equilibrated for 1 hour before testing.
Starch granule suspensions were heated at a rate of 10oC/min from 10 to 110oC. Pans
were rapidly cooled to room temperature and then stored at 4oC for 24 hours. Samples
were then rescanned from 10 to 110oC at 5oC /min.
4.3.7.2 Freeze-dried amylopectin dispersion
Waxy amylopectin dispersion (10% w/w) was held at 5oC in the presence of a shear rate
of 20 s-1 for 24 hours. A sample without the application of shear was used as the control.
After shearing, waxy amylopectin dispersions were freeze-dried and ground to fine
powder. Amylopectin powder (10 mg) was weighed into DSC aluminum pans and
analyzed from 10 to 230oC with a heating rate of 10oC/min.
4.3.8

13

C CP-MAS NMR

Waxy amylopectin dispersion (10% w/w) was held at 5oC in the presence or absence of a
shear rate of 20 s-1 for 24 hours. The retrograded amylopectin dispersion was freeze-dried
and ground to fine powder. 13C CP-MAS spectra of these fine powders were obtained on
a Chemagnetics CMX-400 NMR spectrometer equipped with a wide-bore magnet and a
5-mm triple-resonance (H-X-Y) MAS probe. The "cp_toss_pm" pulse sequence was
used from the spectrometer's pulse program library, which includes the TOSS (Dixon et
al., 1982) and TPPM (Bennett et al., 1995) techniques. Acquisition parameters included
13

C RF field strengths of 50 KHz, a cross-polarization time of 2 ms, a TPPM decoupling

pulse of 5.5 us, a relaxation delay of 6 seconds, a data acquisition time of 32 ms with a
sweep width of 32 KHz, and a sample spinning rate of 5.6 KHz. Typically, 1024 scans
were acquired (experiment time of ca. 103 minutes) and the data were processed with
exponential multiplication (line-broadening of 35 Hz.) and zero-filled twice prior to
Fourier transformation. Fine powder prepared from fully gelatinized waxy starch without
retrogradation for each type of amylopectin was used as a control.
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4.3.9

Statistical analysis

All results were reported as means and standard deviations for at least triplicate tests. In
all figures, error bars represent the standard deviations from independent measurements.
4.4
4.4.1

Results and discussion
Molecular characteristics of amylopectin

Three amylopectin samples (waxy corn, waxy potato and waxy rice) with differences in
structure, in terms of DB and chain length distribution, were selected to study their
molecular and rheological characteristics, as well as their response differences to shear
application. The molecular characteristics are shown below.
The molecular size distributions of debranched and native amylopectin polymers were
characterized using SEC. All molecular size distributions were normalized to yield the
same highest peak height to facilitate qualitative comparison and interpretation of the
data (Fig. 4-1). The main structural parameters determined are summarized in Table 4-1.
To be able to distinguish and describe the unit chain composition of amylopectin, the
chains were grouped into categories. Different divisions of the chains have been
described and depend mostly on the method applied for their analysis. Typical chain
length distributions of debranched amylopectin molecules (Fig. 4-1) show bimodal peaks
representing short (peak �K ∼1.5 nm or DP ∼16) and long amylopectin branches (�K peak
∼2.5 nm, DP∼50) (Wang et al., 2014). Short amylopectin branches are supposed to be a
mixture of short B-chains (B1-chains) and A-chains whereas long amylopectin branches
represent long B-chains (B2, B3, etc) (Pérez and Bertoft, 2010). Although no differences
were found in the DB among the three different amylopectin molecules, potato
amylopectin showed differences in chain length distribution (CLD) compared to the other
two waxy amylopectin samples (corn and rice). Specifically, waxy potato amylopectin
exhibited higher �PQE and �PQR than waxy corn and waxy rice amylopectins, indicating
higher DP of short and long amylopectin branches. Moreover, waxy potato amylopectin
had higher ratio of long chains to short chains (ℎPQR/PQE ). In 1985, Hizukuri showed that
B-type starches, such as potato starch, generally possess somewhat longer average chain
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lengths and a higher proportion of long chains than A-crystalline samples, such as cereal
starches (Wang et al., 2014).
According to the structure of internal chains proposed by Bertoft et al. (2008; 2012),
waxy corn and waxy rice amylopectin are grouped into the same category with a
moderate amount of long chains, high amount of short chains, 6.0-7.0 DP value of interblock chain length, high amount of building blocks and larger cluster size; whereas waxy
potato amylopectin belongs to a different category with a higher amount of long chains,
smaller amount of short chains, smaller amount of building block and cluster size, and the
DP value of its inter-block chain length is higher than 7.0-8.0.
In general, the three kinds of amylopectin exhibited differences in their molecular
structures: potato amylopectin with lower molecular size and higher ratio of long chains
compared to corn and rice amylopectin; the DB of amylopectin was in the following
order: potato < corn < rice.
4.4.2

Hysteresis loop with different temperatures

Temperature is one of the key factors influencing shear-induced molecular interactions of
macromolecular dispersions, due to its strong influence on their mechanical response. It
is illustrated in Fig. 4-2 that the viscosity of waxy amylopectin dispersions decreased as
the temperature increased, a phenomenon that is attributed to the thermal motion of
molecules, decrease in intermolecular association and increased solubility of the
macromolecules. Shear rate has also an effect on the viscosity of waxy amylopectin
dispersions. Commonly, macromolecular solutions/dispersions exhibit shear-thinning
behavior, which consists in decreases of viscosity with increasing shear rate. This
phenomenon is explained by the orientation and alignment of the polymer molecules
under the applied shear. As shown in Figs. 4-2 (A), (B) and (C), overall the viscosity of
waxy amylopectin dispersions showed a tendency to decrease as shear rate increased. A
temporary shear-thickening phenomenon was observed in waxy potato and waxy corn
amylopectin dispersions in a shear rate range of 10 to 25 s-1. It was found that the shear
thickening effect becomes more noticeable at lower temperatures. The term “temporary”
shear-thickening is used, because it is likely that due to the viscoelastic nature of the
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samples the dispersion did not reach an equilibrium state when the shear rate was
changed to the next one being tested. Shear-thickening behavior in macromolecular
dispersions often suggests material instability, phase separation or structure
rearrangement of structured fluid (Ouchi et al., 2006; Schubert et al., 2004). Waxy corn
amylopectin dispersions displayed temporary shear-thickening behavior at temperatures 5
and 15oC; However, potato amylopectin showed temporary shear-thickening behavior at
a broader temperature range from 5 to 65oC. Temporary shear-thickening behavior was
not observed during decreasing shear rates from the maximum shear rate of 100 s-1 back
to 1 s-1, and closely followed viscosities measured in the up cycle indicating that
temporary shear-thickening behavior is time and shear dependent.
Estimation of the values of the hysteresis loop in the flow curves, shown in Figs. 4-2 (a),
(b) and (c), was used to assess the time dependence of the rheology of amylopectin
dispersions. These values represent the energy consumed during breakdown and
reforming of the structure of the sample. The phenomenon where the energy to break the
structure is larger than for it to reform is known as thixotropy, whereas the opposite
behavior is known as rheopexy. In most cases, structured fluids show thixotropic
behavior which displays lags during stress path reversals, indicating that the breaking of
the fluid structure as the shear rates increase is only partially recovered during decreasing
shear rates.

In rare cases, complex fluid exhibits rheopectic behavior showing an

opposite behavior than thixotropy. The area of hysteresis loop formed by the up-curve
and down-curve of shear stress is commonly taken as a quantitative measurement of
thixotropy or rheopexy (Figs. 4-2 a, b and c). Positive values of hysteresis loop represent
a thixotropic behavior indicating that the structure of waxy amylopectin dispersions is
broken down by shear forces and requires longer time to recover, whereas negative
values of hysteresis loop represent a rheopectic behavior, suggesting the formation of a
structure by application of shear forces to the amylopectin dispersions.
In this study, all varieties of amylopectin displayed a combination of rheopexy at low
shear rates and thixotropy at high shear rates. The rheopexy behavior was observed in an
extended shear rate range as the temperature increased. For example, for potato starch
tested at 65oC, the behavior of its dispersion was rheopectic in all the shear rate range
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(Fig. 4-2 b). The approximate cross point between the up and down curves and the
hysteresis loop areas before and after cross point were calculated and are shown in Table
4-2. The approximate cross point was interpolated based on two critical shear rate points,
at which the difference between up and down shear stress curves changes its sign. A
schematic of the cross-point determination is shown in Fig. 4-3. The two critical points
were joined by a straight line drawn over the up and down curves, and the cross point of
the two lines was used to represent the approximate cross point of the up and down
curves. Although the shear rate at the cross point increased with temperature, the
corresponding shear stress at that shear rate was not dependent on temperature, but it did
depend on the type of amylopectin. As the temperature increased, the absolute values of
the hysteresis loop area increased rapidly before the cross point, but decreased afterwards.
The net area, considering both the positive area during the thixotropic behavior and the
negative area during the rheopectic behavior, decreased with increased temperature
(Table 4-2). The effect of temperature on the net loop followed the order:

potato

amylopectin > corn amylopectin > rice amylopectin.
Concentrated dispersions from the different amylopectin samples displayed a similar
trend that was associated to structure deformation and rearrangement with temperature
changes and application of shear forces, a behavior that could be elucidated by the
rheological behavior of the concentrated dispersions. At lower temperature, the
dispersions were subjected to a significant deformation in their structure due to the action
of higher shear rates, but they continued reforming their structure when the shear rate was
decreasing. The reforming of the dispersion structure appears to start at higher shear rate
when the temperature is increased. Energy consumed or released during breaking and
reforming the structure of the dispersions was much higher in waxy potato amylopectin
dispersions, than that of waxy corn or waxy rice amylopectin dispersions.
In general, highly-branched polymer such as amylopectin in aqueous dispersions may
display temporary shear-thickening behavior in a small range of low shear rate
(approximately 15 to 25 s-1), a phenomenon that is temperature dependent. It appears
from these results, that this behavior is favored by molecular structures that have a higher
proportion of long chains and less branches, as was the case of waxy potato amylopectin.
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This characteristic structure is hypothesized to be the cause of the formation of
irreversible shear-induced aggregates. Subsequent sections further show evidence of the
formation of molecular aggregates that may cause this peculiar rheological behavior.
4.4.3

Shear-induced aggregation

To further investigate the temporary shear-thickening behavior of the amylopectin
samples, dispersions were sheared at a constant shear rate of 20 s-1 until no change in
viscosity was observed at 25oC. The shear rate of 20 s-1 was chosen within the range (5 to
25 s-1), which is where shear-thickening phenomenon was observed, particularly in potato
amylopectin dispersions. To test the hypothesis that the change in viscosity during the
shear-thickening event was due to amylopectin retrogradation, storage modulus (G’)
changes were measured using a temperature sweep performed from 25 to 95oC using a
SAOS test with a frequency of 1.00 Hz and a strain of 10% (within the linear viscoelastic
region of amylopectin dispersions). Melting of retrograded double helices should occur in
a range of 35 to 55oC. Viscoelastic properties obtained from this test of dispersions that
were subjected to a shear rate of 20 s-1 for 10 min were compared to those of dispersions
in which no shear was applied (control).
As illustrated in Fig. 4-4, the storage modulus (G’), which represents the elastic behavior
of the material, gradually decreases as temperature increases, showing a loss of the
sample strength with heating. This phenomenon has been hypothesized be caused by a
loosening and/or disruption of hydrogen bonds. Hydrogen bonds have low bond
dissociation energies (5 kcal) and, thereby, they can be easily disrupted by increases of
temperature in the range 25 to 95oC (Hoover and Sosulski, 1985). When the temperature
reached 95oC, G’ values of the different amylopectin dispersions prepared in the presence
of shearing (at a shear rate of 20 s-1 and for 10 min) and in absence of a shearing action,
showed no significant difference. However, at the beginning of temperature sweep test
when the temperature was 25oC, G’ values of gelatinized waxy corn, waxy potato and
waxy rice dispersions prepared in the presence of a shear rate were 6.0 Pa, 8.1 Pa and 3.6
Pa higher than the G’ values of the same dispersions prepared in the absence of shear,
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respectively, suggesting that molecular associations were promoted by shearing action
following the order: potato amylopectin > corn amylopectin > rice amylopectin.
To understand whether the molecular aggregation is developed within or between
molecules, �K of amylopectin dispersions (further diluted from 10% w/w to 0.5% w/w)
were determined to characterize the sizes of aggregates in the dispersions prepared in the
presence of shear. Fig. 4-5 shows that in the presence of a shear rate of 20 s-1, the peak �K
of waxy rice amylopectin in the dispersion dropped from 211 ± 26 nm to 156 ± 19 nm,
indicating that the shear action was able to disperse waxy rice amylopectin and, therefore,
decrease the size of the formed aggregates. Similarly, the peak �K of the waxy corn
amylopectin dispersion decreased from 195 ± 22 nm to 147 ± 27 nm in the presence of
shear, which also indicated that the size of molecular aggregates decreased under the
action of shear. Unlike rice, the waxy corn amylopectin dispersion displayed a size
distribution with tailing to higher �K after shearing, suggesting a tendency to form larger
aggregates upon shear. Accordingly, the increased G’ values observed in waxy corn
amylopectin dispersions after the application of shear could be attributed to the formation
of molecular aggregates through both inter- and intra- molecular associations that may
involve non-covalent bonds such as hydrogen bonds.
The �K of waxy potato amylopectin dispersion changed from one unimodal size
distribution with a peak at 327 ± 157 nm to a bimodal distribution with peaks at 4054 ±
1388 nm and 170 ± 49 nm after application of shear. The tests were repeated for more
than 10 times on waxy potato amylopectin dispersions, but the confidence interval of �K
of the aggregates was still wide, suggesting that the size of aggregates in these
dispersions varied significantly, and the dispersions were heterogeneous. Despite the
wide confidence intervals, the differences between samples before and after shearing at
20 s-1 for 10 minutes were still significant. The peak size of the large aggregates reached
values that were approximately 10 times larger than amylopectin aggregates of the
freshly prepared dispersions. Apparently, shearing at 20 s-1 of waxy potato amylopectin
dispersions promoted the formation of large aggregates, which was proposed to be
responsible for the high G’ values determined at 25oC (Fig. 4-4).
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Shearing with shear rates around 20 s-1 may have promoted chain-chain contacts of waxy
potato amylopectin dispersions. The effect, to a lesser extent, was observed in dispersions
of waxy corn amylopectin, whereas waxy rice amylopectin showed no effect. The longer
chains amylopectin (e.g. waxy potato amylopectin) have been suggested to have more
opportunity to form inter- or intra- molecular double helices (Shen et al., 2013). For these
longer external chains, the terminal or “dangle” ends, which are far away from branch
points, are not likely to be influenced by the nature of branch and, thus, would be capable
of associating with other dangle ends from external chains or available segments from
internal chains. For those chains that are ‘free’ and with the capacity to form associations,
shear forces may enhance chain movements and, therefore, increase the possibility of
‘free’ chain to contact and interact to form associations. Due to steric hindrance of highly
branched structures, it seems that the inter-molecular associations only form if the chains
are long enough (e.g., in waxy potato amylopectin B2 and B3 chains) (Table 4-1). The
formed inter-molecular association (with at least one extra-long chain) would restrict the
relative movement of related molecules even in a diluted system, leading to the formation
of permanent large aggregates.
4.4.4

Long-term shear-induced ordering

4.4.4.1 Rheological characterization
The long chains of amylopectin molecules in concentrated dispersions under controlled
shear conditions and constant temperatures require a long time and a low temperature to
interact each other promoting associations that eventually may lead to crystallization.
Through results discussed in the previous sections, it has been hypothesized that the
characteristics of the branched structures of amylopectin may promote molecular
associations in the presence of moderate shear rates at around 20 s-1. Therefore, a
constant shear at a rate of 20 s-1 was applied to amylopectin dispersions (10% w/w) for 24
hours at a temperature of 5oC to increase the chance of the ‘free’ chains or segments of
the branched structures to contact and interact. During this process, the viscoelasticity of
the dispersions was studied through SAOS tests using a frequency sweep from 0.01 to
1.00 Hz at every two hours of shearing. As illustrated in Figs. 4-6, 4-7, 4-8 and 4-9,
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viscoelastic properties of the dispersions were measured at different holding times, as
well as their viscosities measured at a shear rate of 20 s-1 and 5oC during the 24-hour
holding period under shear (Fig. 4-10). In amylopectin dispersions at 5oC, G’ values were
much higher than G” values, indicating the predominantly elastic nature of all these
dispersions. Waxy corn amylopectin (Fig. 4-6) and waxy rice amylopectin dispersions
(Fig. 4-8) showed similar trends in changes of G’, G” and phase angle values. Both G’
and G” displayed frequency dependence, which is typical behavior of physical gels
(Stading and Hermansson, 1990).
After 2-hour shearing, both G’ and G” values of the three amylopectin dispersions
significantly increased but the phase angle decreased slightly (Fig. 4-9). The increase in
moduli values was expected and is in agreement with the material discussed in section
4.3.2 indicating that short-term shearing at 20 s-1 promotes the formation of intra- and/or
inter- molecular associations between ‘free’ chains or segments. The slightly decreased in
the phase angle value suggested the formation of a structure with a more elastic behavior
in the amylopectin dispersions, likely due to the shearing action. In waxy corn and waxy
rice amylopectin dispersions, phase angle, as well as G’ and G” values, remained
unchanged in the period from 2 to 24 hours (Figs. 4-6 and 4-8), and the viscosity slightly
decreased as observed in Fig. 4-10. It is thought that after the formation of molecular
aggregation in a short-period (2 hours), waxy corn and waxy rice amylopectin dispersions
reach a balance between aggregation and aggregate disruption rates with the shearing
action at a shear rate of 20 s-1, so no net changes on viscosity and viscoelasticity were
observed after 2 hours.
Conversely, the waxy potato amylopectin dispersion displayed noticeable changes in
viscoelasticity and viscosity under shear action between 2 and 24 hours (Figs. 4-7, 4-9
and 4-10). During holding from 2 to 6 hours under shear, the viscosity of waxy potato
amylopectin dispersion decreased approximate 56% from an initial value of 19.0 Pa·s
(Fig. 4-10), while the phase angle and G’ values stayed unchanged (Fig. 4-9). For times
from 6 to 24 hours under shear action, the phase angle significantly decreased, whereas
the G’ value and viscosity dramatically increased 6.0 and 2.2 times, respectively (Figs 49 and 4-10).
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The changes of viscosity and G’ under these conditions are hypothesized to be caused by
the action of shear forces on amylopectin molecules with the structure characteristics of
potato amylopectin. At the early stage of shear (0 - 2 hours), shear forces increased the
possibility of ‘free’ chains and segments to contact and interact to form aggregates as
discussed in section 4.4.3. At 2 - 6 hours, constant shear may have resulted in molecular
realignment of those aggregates, during which the flexible long chains, including internal
and external chains, partially or entirely, random coiled or entangled, or even involved in
the formation of short helices, were stretched and elongated to a structure suitable for the
formation of double helical structures. Accordingly, after 6 hours, G’ values of waxy
potato amylopectin dispersions started to increase linearly with time in the presence of
continuous shearing, leading to the rapid formation of a more elastic structure, thought to
be due to the presence of double helices.
To test this hypothesis, a temperature sweep test from 5 to 95oC was conducted using a
SAOS test (10% amplitude in the LVR and 1.00 Hz) to determine the degree of loss of G’
(ΔG’) and increase of phase angle (Fig. 4-11). Values reported in Table 4-3 show the
behavior of these dispersions. Matalanis et al. (2009) suggested that changes of G’ during
heating represents breakdown of intermolecular association of amylopectin molecules,
especially in temperature ranges within the melting of double helices and crystallites
(~45-75oC). Dispersions prepared in absence of shear for each type of amylopectin were
used as a control, where it is noted that the changes were less drastic, particularly for
potato amylopectin. In addition, thermal properties of concentrated amylopectin
dispersions (28% w/w) after storage at 4oC for 24 hours under a shear action were studied
by DSC to determine whether retrogradation was responsible for the aggregation of waxy
potato and waxy corn amylopectin that increased dispersion viscosity (Fig. 4-12).
Table 4-3 showed the moduli for amylopectin dispersions measured at 5 and 95oC during
the temperature sweep test. At 5oC, G’ values were consistently higher than G” values
indicating the predominantly elastic nature of the dispersions. G’ values of the waxy
potato amylopectin dispersion was more than 10 times higher than the moduli of the other
two dispersions, all measured at 5oC, which was in agreement with previous results from
the frequency sweep test. For the waxy potato amylopectin dispersions prepared under
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the action of shear, as heating began, a plateau for both G’, G” and phase angle values
were observed indicating the little effect of temperature in that initial temperature range.
The plateau ended in temperatures around 35 and 40oC where values of G’ and G” begin
to drastically drop (Fig. 4-11). This agreed with the DSC measured onset temperature (�V )
of the thermal transition of waxy potato amylopectin dispersions (Fig. 4-12). This
temperature represents the critical temperature at which formed non-covalent bound
structures begin to melt. The phase angle of the potato amylose dispersion then increased
rapidly at approximately 60oC and reached a value of 45o at a temperature range between
70 and 75oC to then reaching a plateau, indicating a change of the dispersion from a gellike elastic viscoelastic behavior to a paste-like non-elastic viscoelastic behavior. Those
changes were noticeable in dispersions prepared in the presence and absence of shear,
however dispersions held in the presence of shear exhibited more noticeable changes (Fig.
4-11). At temperatures in the range 70 and 75oC, G’ values approached again to a plateau,
qualitatively indicating no further changes in amylopectin conformations (Fig. 4-11). As
discussed, waxy potato amylopectin dispersion, prepared with absence of shear, displays
a slight decrease in G’ and G” values and increase of phase angle with temperature
change when compared to dispersions held in the presence of shear as shown in Fig. 4-11.
The loss of G’ and G” values are shown in Table 4-3, which is approximately 95% for the
waxy potato amylopectin dispersion. The agreement between transition temperatures and
enthalpy values determined by DSC and the critical temperature points determined by the
viscoelastic and rheology measurements indicates that the drop of G’ values is likely to
be related to melting of crystalline and double helical structures. Waxy corn and waxy
rice amylopectin dispersions, in the presence or the absence of shear for 24 hours,
displayed comparatively low loss of G’ and G” values upon heating (Table 4-3) and no
critical onset points (Fig. 4-11). In Fig. 4-12, the enthalpy changes (∆�) of concentrated
waxy potato amylopectin dispersions (28% w/w) stored at 4oC for 24 hours (samples
were prepared in the absence of shear as described in section 4.3.7.1) were approximate
13 times and 5.9 times higher than waxy rice and waxy corn amylopectin dispersions,
respectively.
Thus, the differences observed in the thermal and rheological properties measured in
waxy corn, waxy potato and waxy rice amylopectin dispersions can be attributed to their
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molecular structures (described in section 4.4.1). The role of a shear rate of 20 s-1 was
determinant to the formation of intermolecular interaction and the development of more
ordered structures. The ordering mechanism was hypothesized to be achieved by
elongation and stretching of the flexible internal and external chains of the amylopectin
molecules to form a conformation that favored the formation of double helical structure
and an increase in interaction of these chains. (Fig. 4-13)
4.4.4.2 Morphology
The microstructure of amylopectin dispersions was analyzed using cryo-SEM to
understand better the functional properties related to the rheological behavior of the
dispersions and a direct assessment of their structures. The cryo-SEM technique that uses
rapid freezing and sublimation was used to minimize artifacts and preserve the spatial
structure of the samples by avoiding nucleation and re-crystallization of water. After
sublimation of ice crystals, air takes the place of water, which in these dispersions is
trapped in the amylopectin skeletal structure formed through intra- and inter- molecular
interactions, thus, resulting in a porous structure. The three-dimensional structures of
amylopectin dispersions are shown in Figs. 4-14 and 4-15.
Figs. 4-14 (A1), (B1) and (C1) show images of 10% (w/w) aqueous dispersions freshly
prepared from waxy corn, waxy potato and waxy rice, respectively. There were no
significant differences among freshly prepared samples. The pore sizes were estimated to
be roughly even-distributed and the internal surfaces of pores were smooth. From the
micrographs, the freshly prepared amylopectin dispersions appear to be well dispersed.
As the amylopectin dispersions were prepared at low temperature conditions (5oC) for 24
hours in the rheometer, and with the addition of a solvent trapping element, the
microstructures of waxy corn and waxy rice amylopectin dispersions did not change
significantly (Fig. 4-14, A2 and C2). Notably, the waxy potato amylopectin dispersion
showed smaller and denser pores after the holding period, indicating that the size of the
water volume trapped in the amylopectin skeletal structure was smaller than those of
waxy corn and waxy rice amylopectin dispersions. This was likely to be caused by
greater molecular re-association of waxy potato amylopectin with strong intra- and/or
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inter- molecular interactions (Fig. 4-14, B2). Comparison of the images of amylopectin
dispersions, using 25,000× magnification in the absence of a shearing action during
holding at 5oC for 24 hours, showed smooth internal surfaces of pores in waxy corn and
waxy rice amylopectin dispersions (Fig. 4-14 a2, b2), whereas the internal surfaces of
pores in waxy potato amylopectin dispersion were rough and the network structure was
coarsened.
Structures of amylopectin dispersions prepared by holding at a shear rate of 20 s-1 at 5oC
are shown in Fig. 4-15. Micrographs show that shear forces failed to promote
homogeneous molecular dispersions, and instead promoted the formation of unevenly
distributed networks. The pores of the skeletal structure of the waxy corn amylopectin
dispersion tended to be smaller and denser, suggesting a tightened network resulting in
smaller water volume trapped in these dispersions (Fig. 4-15, A2). For waxy rice
amylopectin dispersions, the structure of the dispersion remains largely unchanged (Fig.
4-15, C2). Conversely, waxy potato amylopectin dispersions showed a network
architecture with larger pores and filamentous connections inside each pore, suggesting
the presence of molecular interactions, which were generated by the shear action (Fig. 415, B2). The images of waxy potato amylopectin dispersions prepared in the presence of
shear, observed under 25,000× magnification, show a network structure with rougher
surfaces (Fig. 4-15, b2) than those observed in waxy corn and waxy rice amylopectin
dispersions, shown in Fig. 4-15 (a2) and (c2). The images for the waxy potato
amylopectin dispersion, shown in Fig. 4-15 (b2), displayed a unique microstructure with
a significantly coarsened skeleton, and with rough internal surface and filamentous
connections, which were proposed to be resulting from a strong molecular interaction.
In summary, waxy potato amylopectin dispersions displayed a thicker and stronger
network skeleton than those observed in waxy corn and waxy rice amylopectin
dispersions that were prepared by holding them at 5oC for 24 hours in the absence of
shear. With the presence of shear, waxy potato amylopectin dispersions showed a unique
structure with filamentous connections and significant thickening of the skeletal wall
network. These images could be interpreted as promoted by a stronger molecular
association, which is more prevalent in waxy potato amylopectin dispersions.
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4.4.4.3 Extended double helical structures with presence of shear
The possibility of retrograded crystalline and double helical structures in waxy
amylopectin dispersions formed by holding them at 5oC for 24 hours in the presence and
absence of shear were studies by DSC and solid-state

13

C CP/MAS NMR. DSC is a

methodology able to detect changes in the thermal properties of the material (mainly heat
capacity) due to a heat flow which enables the determination of thermal events on the
materials such as melting and other transitions promoted by temperature. Thus, it
provides information of order-disorder phenomena during heating and for starch, among
other applications, has been used to analyze quantitatively the melting of starch double
helices (Biliaderis et al., 1986).
Normally, starch granules were suspended in excess of water and sealed in DSC pans
where they were subjected to a controlled increase of temperature to gelatinize the starch.
Afterwards, they were held at low temperature (e.g. 4oC) for several days to induce
molecular re-association. After storage, the sealed pans were transferred to the DSC
instrument and subjected to a temperature sweep to determine the thermal properties of
the stored samples. During this whole process, the DSC pans were kept sealed; therefore,
no shear was able to be applied on the samples during storage. However, in this study,
shearing actions were applied to gelatinized waxy starch dispersions. As discussed, it is
not possible to apply shear to dispersions in the DSC pans or weigh accurate amount of
prepared amylopectin dispersions in the form of paste/gel into DSC pans (approximately
25 µL) after holding the dispersions at low temperature and under the action of shear. As
an alternative approach for sample preparation, amylopectin dispersions prepared by
holding them at 5oC for 24 hours in the presence and absence of shear were freeze-dried,
so an accurate amount of amylopectin dispersion powder (10 mg) could be weighed for
thermal analysis.
Native starch that is heated in the presence of various amounts of water display different
DSC thermal curves (Biliaderis et al., 1986; Steeneken and Woortman, 2009). With
increased temperature, the gelatinization of starch that was suspended in excess water (>
60%) was linked to a single-symmetrical endothermic peak in the 50 – 80oC temperature
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range, which represents the melting of starch crystallites. With a decrease of water
content to 30-60%, the size of the peak/transition in the interval 50 - 80oC decreased with
a development of one or two transitions at higher temperatures (Donovan, 1979). Burt
and Russell (1983) showed that the complete loss of birefringence of starch is correlated
with the completion of the second transition. When the water amount decreased to a
value below 20%, only the second peak was observed at a temperature between 150 to
200oC (Yu and Christie, 2001). The peak temperature of native starch reached 200oC in
absence of water, described by LeCorre et al. (2012), which was proposed to be a helixcoil transition. Theoretically, the melting point of perfect crystallites in absence of water
is estimated to be between 160 to 210oC (Colonna and Buleon, 2010). Using
thermogravimetric analysis (TGA), LeCorre et al (2012) proved that there was no
degradation or depolymerization occurred in that range of temperature in native starch
and starch nanocrystals. Ozcan and Jackson (2005) reported that the melting temperature
of corn starch was 168oC, and de Almeida et al. (2011) reported a peak temperature of
babassu flour at 163oC.
The melting peak of three native different starches with two different contents of water
(less than 20% and more than 60%) are compared in Table 4-4. In excess water, the
endothermic peak of starch granules appeared around 70oC, whereas with low water
content, the peak temperature reached temperatures as high as 170-180oC, which is in
agreement with other work (Yu and Christie, 2001). In excess water, waxy corn starch
granules had the highest onset (�V ) and peak (�X ) temperatures followed by waxy potato
starch and waxy corn starch. There were no significant differences in conclusion
temperatures (�Y ) between waxy corn and waxy potato starches, but waxy potato starch
had a slightly lower �Y . There was no significant difference of enthalpy change (∆�)
among the three different starches when tested in excess water. But, when the water
content was lower than 20%, no significant difference in �X values was observed between
the different starch granules. Enthalpy, ∆�, of waxy potato starch was much higher than
those of waxy rice and waxy corn starches.
Table 4-5 shows the thermal properties of corn, potato and rice amylopectin after freezedrying the dispersions (10% w/w) prepared by holding them at 5oC for 24 hours in the
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presence and absence of a shear rate of 20 s-1. When the samples prepared in the
presence of shear were compared to the samples prepared in the absence of shear, there
were no significant differences in the �V and �X values of the waxy corn and waxy rice
samples. No significant differences of �Y values were observed in waxy corn samples, but
�Y values were higher in rice samples prepared in the absence of shear. Potato samples
prepared in the presence of shear displayed significant higher �V , �Y and �X values
compared to those of potato samples prepared in the absence of shear. All the samples
had negative changes of enthalpy within the range of 175 – 195oC, which is in agreement
with the melting of crystalline structure as mentioned earlier (Yu and Christie, 2001).
Overall, waxy potato amylopectin showed a larger change of enthalpy upon the
application of shear compared to the changes observed in waxy corn and waxy rice
amylopectin dispersions, indicating a higher number of double helices formed by the
former. When comparing amylopectin prepared in the presence and absence of shear,
waxy corn amylopectin had a small change of enthalpy, waxy rice amylopectin showed
no significant differences, and waxy potato amylopectin had a significantly larger change
of enthalpy when samples were held under a shear action. This supports the hypothesis
that an applied shear rate of 20 s-1 significantly enhanced retrogradation in waxy potato
amylopectin dispersions.
Solid-state NMR spectroscopy was used to determine whether the changes observed by
thermal-analysis and rheological methods are consistent with changes in molecular order.
The spectral difference of dispersion samples prepared in the presence and absence of
shear was examined and results are reported in Table 4-6. A fully dispersed amylopectin
sample (after freeze-drying) was used as the amorphous control to calculate the degree of
molecular order of there-associated form of the amylopectin dispersions following the
method described by Zhang et al. (2014) and Tan et al. (2007). The reference spectrum
(fully gelatinized starch without retrogradation) was subtracted from the spectra of the
samples by matching their intensity at 84 ppm to obtain a corrected spectrum.
Crystallinity was calculated from the peak area of the corrected spectrum as a proportion
of the peak area of the original sample spectrum. The result was expressed as a
percentage indicating the relative amount of single/double helix present in the re-
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associated samples prepared in the presence and absence of shear. The signal
multiplicities within the 99-101 ppm and 102-103 ppm range in the C1 region (94-105
ppm) are a result of double- and single-helix structures, respectively, Zhang et al. (2014).
The percentages of double-helical, single-helical and amorphous structures are shown in
Table 4-6. Overall, waxy potato amylopectin dispersions displayed a higher content of
helical structure than waxy corn and waxy rice amylopectin dispersions. There was no
significant difference in waxy corn or waxy rice amylopectin dispersions when compared
in terms of the presence and absence of shear during holding. Conversely, waxy potato
amylopectin dispersions displayed a significantly enhanced formation of double helical
structures when prepared in the presence of shear. Thus, determination of molecular order
formation promoted by holding the dispersions at low temperatures in the presence of
shear determined by solid state 13C agree with the determinations of these events using in
thermophysical and rheological methods, which also clearly indicated that the application
of a shear rate of 20 s-1 for 24 hours at 5oC increases double helix formation in waxy
potato amylopectin dispersions.
4.4.5

Conclusions

Highly-branched amylopectin in aqueous dispersions were found to display temporary
shear-thickening behavior in a small range of low shear rate (approximate 15 to 25 s-1), a
phenomenon that was temperature dependent and was related to the molecular
characteristics of the amylose molecules. Amylopectin with more long chain branches
and lower DB (e.g. waxy potato amylopectin) showed a more noticeable shear-thickening
behavior than amylopectin with less long chain branches and higher DB (e.g. waxy corn
and waxy rice amylopectins) at the same concentration (10 % w/w).
With application of a constant shear at 20 s-1 for 10 min, large aggregates were formed in
waxy potato amylopectin dispersions, whereas only small aggregates were found in waxy
corn amylopectin dispersions, and no aggregation was detected in waxy rice amylopectin
in the presence of shear. Therefore, the shear-induced aggregation formed at shear rates
around 20 s-1 was assumed to be the cause of the temporary shear-thickening behavior
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observed in these biomacromolecular dispersions with long-chain branches (e.g. waxy
potato amylopectin).
By holding of the dispersions at 5oC for 24 hours and in the presence of constant shear
rate of 20 s-1, dispersions of waxy potato starch also displayed significantly higher
viscosity and elasticity due to the application of shear when compared to the waxy corn
and waxy rice starch dispersions. A unique morphological property with a coarsened
skeletal matrix was observed in the waxy potato amylopectin dispersions after holding
the dispersion at 5oC for 24 hours in the presence of shear, a phenomenon that was
attributed to increased molecular interaction. This molecular interaction was further
confirmed to be caused by the formation of double helical and crystalline structures
determined by thermal analysis and solid state 13C-NMR spectroscopy.
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Table 4-1 Molecular size, degree of branching and chain length distribution of waxy
starches
Amylopectin

DB (%)

XAP1 (GU)

XAP2 (GU)

hAP2/AP1

RhAP (nm)

Waxy corn

5.8a±0.6

14.4a±0.4

39.5a±0.7

0.54a±0.03

130.75c±0.36

Waxy rice

6.4a±0.1

13.7a±0.3

38.9a±0.1

0.58a±0.00

124.30b±0.68

Waxy potato

4.8a±0.6

16.8b±0.4

43.6b±0.1

0.95b±0.03

94.43a±0.12

Values with different letters in the same column are significantly different with p < 0.05. DB, degree of
branching; GU, glucose units; XAP, DP of peak maximum in SEC weight molecular size distribution of
debranched starch; hAP2/AP1, height of peak maximum in SEC weight molecular size distribution of
debranched starch as a ratio to first amylopectin peak maximum peak height; RhAP, average hydrodynamic
radius of whole (fully branched) amylopectin.
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Table 4-2 Hysteresis loop of amylopectin dispersions at different temperatures
Amylopectin
type

Temperature
(

Waxy corn

Waxy potato

Waxy rice

1.
2.

3.

Shear rate (cross

Shear stress

HL1

HL-B2

HL-A3

point) (s-1)

(cross point) (Pa)

(Pa·s-1)

(Pa·s-1)

(Pa·s-1)

5

16.6

164.8

3451.6

-352.2

3803.8

15

23.1

161.3

1330.3

-546.5

1876.8

25

31.7

165.3

148.2

-599.6

747.7

35

44.0

169.3

-546.4

-817.8

271.4

45

65.9

186.3

-1036.7

-1092.3

55.6

55

84.8

194.9

-1338.0

-1351.0

13.1

65

93.2

180.2

-1531.4

-1535.3

3.9

5

14.6

260.5

5302.9

-590.3

5893.2

15

25.4

275.4

770.6

-1411.4

2182.0

25

39.8

294.4

-1146.9

-1840.5

693.6

35

48.9

273.4

-1791.0

-2075.2

284.2

45

62.9

265.3

-2055.0

-2149.0

94.0

55

91.2

276.1

-2488.2

-2496.1

8.0

65

ND

254.4

-2738.7

-2741.9

3.2

5

10.4

161.0

3222.3

-2.5

3224.8

15

23.4

191.2

1045.8

-228.9

1274.7

25

31.6

180.3

345.2

-239.4

584.6

35

63.5

218.5

-637.6

-695.0

57.4

45

85.6

220.4

-900.9

-910.9

10.0

55

94.2

208.6

-1323.2

-1325.6

2.4

65

95.6

187.6

-1464.5

-1465.7

1.1

o

C)

HL: Hysteresis loop area. Hysteresis loop area = Area under up curve – area under down curve
HL-B: Hysteresis loop area - before cross point
HL-A: Hysteresis loop area - after cross point
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Table 4-3 G’ and G” values, measured at 5oC and 95oC, of amylopectin dispersions
prepared by holding them for 24 hours at 5oC in the presence of shear (shear rate 20 s-1)
and in the absence of shear. A temperature sweep from 5oC to 95oC using a SAOS test at
a frequency of 1.00 Hz and 10% strain amplitude was used to estimate these values (see
also Fig. 4.11)
Shear
-1

(s )
0

20

Amylopectin

G’ at 5oC (Pa)

G” at 5oC (Pa)

G’ at 95oC (Pa)

G” at 95oC (Pa)

ΔG’ (Pa)

ΔG” (Pa)

Waxy corn

70.9

38.6

31.7

17.3

39.2

21.3

Waxy potato

56.3

20.9

12.1

6.88

44.2

13.98

Waxy rice

34.9

16.7

13.5

7.13

21.4

9.56

Waxy corn

74.7

39.4

46.7

21.38

28.0

18.02

Waxy potato

796.4

66.8

7.5

7.7

789.0

59.10

Waxy rice

75.2

40.0

45.42

20.61

29.8

19.38

type

75
Table 4-4 Thermal properties of starch granule with excess water or dry
Starch

Water

granule

content (%)

Waxy corn

Waxy potato

Waxy rice

To (°C)

Tp (°C)

Tc (°C)

∆H (J/g)

12.5

178.0 ± 2.9

178.6 ± 2.9

195.3 ± 3.7

160.6 ± 3.5

62

65.7 ± 0.0

72.5 ± 0.2

87.8 ± 0.4

11.0 ± 0.1

11.5

173.4 ± 4.1

174.0 ± 3.6

192.8 ± 3.1

249.4 ± 0.1

62

65.1 ± 0.0

71.4 ± 0.1

85.0 ± 0.0

11.3 ± 0.7

10.8

177.7 ± 2.0

178.7 ± 2.5

194.8 ± 2.5

153.1 ± 1.4

62

61.8 ± 0.5

70.0 ± 0.3

87.8 ± 0.3

11.2 ± 0.3

To: onset temperature. Tp: peak gelatinization temperature; Tc: conclusion gelatinization temperature; ΔH:
change in enthalpy. Mean and standard deviation were taken from the triplicate measurements.
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Table 4-5 Thermal properties of freeze-dried amylopectin dispersions prepared by
holding them at 5oC for 24 hours
Amylopectin
Waxy corn

Waxy potato
Waxy rice

Shear rate (s-1)

To (°C)

Tp (°C)

Tc (°C)

∆H (J/g)

0

189.5 ± 0.8

189.6 ± 0.6

205.9 ± 1.1

124.3 ± 1.9

20

188.2 ± 0.3

189.4 ± 0.0

208.0 ± 1.6

108.4 ± 4.3

0

181.3 ± 3.8

181.8 ± 3.8

187.2 ± 2.0

142.5 ± 5.4

20

187.1 ± 0.9

187.6 ± 0.6

205.6 ± 2.3

157.5 ± 7.5

0

190.5 ± 4.5

190.9 ± 4.2

208.4 ± 3.2

125.3 ± 1.0

20

180.4 ± 6.7

181.7 ± 5.4

204.0 ± 0.0

125.9 ± 3.2

To: onset temperature. Tp: peak gelatinization temperature; Tc: conclusion gelatinization temperature; ΔH:
change in enthalpy. Mean and standard deviation were taken from the triplicate measurements.
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Table 4-6 Molecular order of amylopectin dispersion prepared by holding them at 5oC for
24 hours in the presence and absence of shear determined by solid state 13C CP/MAS
NMR spectroscopy. Samples were dispersions prepared by holding them at 5oC for 24
hours in the presence and absence of shear and freeze-dried.
Amylopectin type

Shear rate (s-1)

Double helix (%)

Single helix (%)

Amorphous (%)

Waxy corn

0

1

3.6

95.4

Waxy corn

20

1

3.7

95.3

Waxy potato

0

1.3

6.1

92.6

Waxy potato

20

6.6

6.6

86.8

Waxy rice

0

0

2.6

97.4

Waxy rice

20

0.8

1.8

97.4

NMR calculation were within standard deviation of 2%.
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Figure 4-1 Weight molecular size distributions of enzymatically debranched amylopectin
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Figure 4-2 Viscosity and hysteresis loop of shear stress with freshly prepared amylopectin
dispersions at 5, 15, 25, 35, 45, 55 and 65oC. Waxy corn amylopectin dispersions (A, a);
Waxy potato amylopectin dispersions (B, b); Waxy rice amylopectin dispersions (C, c)
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Figure 4-3 A schematic of the cross-point determination in hysteresis loop
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Figure 4-5 Hydrodynamic radius of amylopectin dispersions (diluted from 10% w/w)
before and after holding in the presence of a shear rate of 20 s-1 for 10min at 25oC. Waxy
corn amylopectin (A), Waxy potato amylopectin (B), Waxy rice amylopectin (C).
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Figure 4-6 SAOS test with a frequency sweep from 0.01 to 1.00 Hz and a 10% strain
amplitude on a 10 % (w/w) waxy corn amylopectin dispersion during continuous shear
with a shear rate of 20-1 for 24 hours at 5oC
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Figure 4-7 SAOS test with a frequency sweep from 0.01 to 1.00 Hz and a 10% strain
amplitude on a 10 % (w/w) waxy potato amylopectin dispersion during continuous shear
with a shear rate of 20 s-1 for 24 hours at 5oC
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Figure 4-8 SAOS test with a frequency sweep from 0.01 to 1.00 Hz and a 10% strain
amplitude on a 10% (w/w) waxy rice amylopectin dispersion during continuous shear
with a shear rate of 20 s-1 for 24 hours at 5oC.
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Figure 4-13 Proposed schematic showing the possible evolution of potato amylopectin
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Figure 4-14 Cryo-SEM images of amylopectin dispersions freshly prepared or prepared by
o
holding the dispersion in the absence of shear at 5 C for 24 hours. Waxy corn amylopectin
dispersions - fresh (A1), no shear (A2, a2); Waxy potato amylopectin dispersion – fresh (B1), no
shear (B2, b2); Waxy rice amylopectin dispersion – fresh (C1), no shear (C2, c2).
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Figure 4-15 Cryo-SEM images of the amylopectin dispersions freshly prepared or prepared by
o
holding the dispersion in the presence of shear at 5 C for 24 hours. Waxy corn amylopectin
dispersions- fresh (A1), with shear (A2, a2); Waxy potato amylopectin dispersion – fresh (B1),
with shear (B2, b2); Waxy rice amylopectin dispersion – fresh (C1), with shear (C2, c2).

93

CHAPTER 5.
EFFECTS OF HYDROCOLLOIDS ON SHEARINDUCED STRUCTURE OF WAXY POTATO AMYLOPECTIN
DISPERSIONS

5.1

Abstract

Incorporation of small amounts of hydrocolloids has an important impact in the
properties of other macromolecules. There are few studies on the effects of hydrocolloids
on the rheological properties of amylopectin dispersions under the application of shear.
Changes in the rheological properties of amylopectin dispersions upon the addition of
selected hydrocolloids under controlled shear conditions were investigated. It is known
that hydrocolloids may compete for water with starch and thus to increase the starch
effective concentration, which can cause phase separation and/or promote interaction
with amylopectin through molecular associations, hydrogen bonding, and/or electrostatic
interactions. Therefore, it is hypothesized that shear-induced aggregation and ordering,
which are discussed in Chapter 4, are influenced by the addition of hydrocolloids.
In this chapter, the effects of the hydrocolloids (agar, gum arabic, guar gum, sodium
alginate, pectin, konjac glucomannan, and xanthan gum) on the rheological properties of
waxy potato amylopectin dispersions were investigated. Studies included shear rate
dependence, viscoelasticity, and shear-induced ordering of the formed dispersions.
Hydrocolloids having linear and flexible chain segments (e.g. pectin, sodium alginate,
guar gum, konjac glucomannan) and a highly-branched structure (e.g. gum arabic)
interacted with waxy potato starch. The interaction resulted in a material that
rheologically has a more liquid-like behavior and showed shear-thickening behavior at
around 20 s-1. However, hydrocolloids having more rigid chains (e.g. agar and xanthan)
produced dispersions with strong shear-thinning and a more elastic rheological behavior
when mixed with amylopectin. It is noteworthy that the term linear hydrocolloid used in

94
this chapter refers to a hydrocolloid with a linear chain conformation but that may have a
few branches.
Electrostatic interaction was proposed to be a key factor influencing shear-induced
structural changes in waxy potato amylopectin/hydrocolloid dispersions. Neutral
hydrocolloids (guar gum, konjac glucomannan) displayed a positive effect on shearinduced ordering of waxy potato amylopectin dispersions, whereas negatively charged
hydrocolloids (gum arabic, sodium alginate, pectin and xanthan) displayed a negative
effect on shear-induced ordering of amylopectin dispersions, a phenomenon that was
attributed to the weak electrostatic repulsion between negatively charged hydrocolloids
and chain segments of the potato amylopectin molecules that contain phosphate groups.
This research provides a new approach to study the interaction between amylopectin
dispersions and hydrocolloids in the presence of shear, which in addition of processing
may also exist during the digestion process. Results of this research are expected to
provide valuable information for the design of starchy foods with desired nutritional
functions, such as slow gastric emptying and resistant starch properties.
5.2

Introduction

In previous chapters, shear-induced structure formation of amylopectin dispersions was
discussed. Waxy potato amylopectin dispersions displayed greatly-enhanced aggregation
within a short-term application of shear (a few minutes) and a more ordered structure
under the application of relatively long-term shear (24 hours) at a constant shear rate of
20 s-1 and a temperature of 5oC. Application of shear forces changed the structure of the
dispersion and effectively accelerated molecular association on dispersions of waxy
potato amylopectin, a phenomenon leading to numerous possibilities to improve
nutritional functionality of these starches such as slowing gastric emptying rate which is
affected by viscosity (Zhu et al., 2013). The rheological and structural changes observed
may also affect α-amylase accessibility to these systems which is hindered by the double
helical structure of amylopectin.
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Hydrocolloids are a heterogeneous group of non-starch polysaccharides having diverse
molecular and functional characteristics. Starch-hydrocolloid interactions are widely used
to improve the pasting and gelling properties of starches, since the addition of a small
amount of hydrocolloid may result in molecular association of the starch and
hydrocolloid molecules (BeMiller, 2011). The presence of hydrocolloids in food systems
containing starch may influence the functional properties of the food such as gastric
emptying and digestibility in different ways according to the type of starch and
hydrocolloid being used (Bianchi and Capurso, 2002). Even though numerous studies
have been conducted to discuss the influence of hydrocolloids on pasting and gelling
properties of starches (BeMiller, 2011), no research has been conducted involving the
effects of shear into the molecular-association of starch- hydrocolloid systems. However,
shear action is indefectibly present during food processing, food consumption and
digestion. The study on molecular interaction under applied shear may be, therefore,
crucial in understanding the functionality of starch/hydrocolloid systems and designing
starchy foods with enhanced health benefits.
The presence of hydrocolloids in waxy potato amylopectin dispersions may promote the
interaction between the hydrocolloid and the amylopectin molecules and may influence
the interaction between and/or within amylopectin molecules. It is hypothesized that, by
applying a constant shear, molecular interaction in the dispersion can be enhanced
because shear forces can increase the movement of the amylopectin and hydrocolloid
molecules and favor their contact.
5.3
5.3.1

Materials and methods
Materials

Waxy potato starch (Eliane 100) was provided by Ingredion Incorporated (Westchester,
IL). Xanthan gum (XG) and guar gum (GG) were obtained from Bob’s Red Mill Natural
Foods (Milwaukee, OR, USA). Gum Arabic (G-9752), Agar (A-7049) and Sodium
Alginate (W201502) were purchased from Sigma-Aldrich Corporation (St. Louis, MO,
USA). Konjac Glucomannan (KG) was purchased from Best Nutritionals LLC
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(Kenilworth, NJ, USA). LM-Pectin Amid CF 025-D was provided by Herbstreith & Fox
KG.
5.3.2

Preparation of dispersions

Hydrocolloid (0.1%, 1% and 2% w/w) - starch (10 %, 9.9 %, 9 % and 8 % w/w)
suspensions were stirred for 12 hours at room temperature. Then, they were subjected to a
controlled heating process from 50 to 95oC with a heating rate of 5oC /min), holding at
95oC for 15 min, and cooling from 95 to 50oC with a cooling rate of 5oC /min, using a
Rapid Visco Analyzer (RVA, Newport Scientific Pvt. Ltd., Australia). The heating
process gelatinized the starch and allowed the full hydration of the hydrocolloid. The
stirring speed used was 200 rpm, except for the first 10 seconds of the start of heating,
where the speed was 960 rpm to avoid aggregation and precipitation of the starch and the
hydrocolloid.
5.3.3

Rheological properties

The equipment and basic settings of the rheological tests were the same than those used
in Chapter 4, and were discussed in section 4.3.4.
5.3.3.1 Shear rate dependence
The viscosity of the dispersions was measured at increasing shear rates in a range from 1
to 100 s-1 increased linearly in 300 seconds, at a temperature of 5oC. The derivative of the
viscosity versus shear rate plot was calculated to analyze the shear rate dependence of the
dispersions.
5.3.3.2 Strain sweep
A strain sweep test with a frequency of 1 Hz and a temperature of 5oC was conducted to
determine the linear range of amylopectin/hydrocolloid dispersions. The amplitude of the
strain was increased from 1% to 1000%. The range under which the viscoelastic behavior
of a material is not subject to structural and permanent changes is known as the Linear
Viscoelastic Region (LVR) of the material and is determined as the maximum strain at
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which the viscoelastic parameters G’, G” and tan d do not vary with strain. Beyond that
maximum strain, the behavior of the material is in the Non-Linear Viscoelastic Regime
(NLVR).
5.3.3.3 Frequency sweep
Measurements were performed within the LVR, which was determined as a 10% strain,
over a frequency range of 0.1-10 Hz. The mechanical spectra were plotted in terms of the
storage modulus (G’) and loss modulus (G”) as a function of frequency. The frequency
dependence of G’ values was described by fitting a power-law model to each
amylopectin/hydrocolloid dispersion as expressed by Eqs. 5-1
� = �� ]

(5-1)

where � is the frequency, a is modulus at 1 Hz and b describes the nonlinearity of G’
frequency dependency.
5.3.3.4 Creep-recovery test
A creep-recovery test was performed at 5oC within both the LVR and NLVR. Before the
measurements, the dispersions were rested for 10 min between the Peltier plate and the
40-mm parallel plate of the rheometer to allow for the relaxation of the stress in the
sample generated by its loading. Measurements were performed at constant stress of
values 1 Pa, 10 Pa, 50 Pa and 100 Pa. The stress was applied instantaneously and
maintained for a period of 120 seconds where compliance was measured. After removing
stress, recovery compliance was measured for 180 seconds.
The creep-recovery data was analyzed using fractional calculus based model, which has
been recently introduced to characterize food materials (David and Katayama, 2013;
Jaishankar and McKinley, 2014; Spotti et al., 2017; Tarhan et al., 2016). The fractional
derivative modeling approach is given by Eqs. (5-2),
`

E

( a)
C
C
�()
_ = -b = d (C@E) (�E � Η (� ) − �R (� − �h ) � (� − �h )

c

(5-2)
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where �(_) is the material compliance with a unit of % / Pa, � (� ) is the instantaneous
strain measured in % strain, �M is the applied stress (Pa), � is the test time and �h is the
time at which the stress is removed to initiate the recovery test. Γ is the gamma function
described by Abramowitz and Stegun (1964), � (� ) is the Heaviside function defined by:
� ()
� =

M 7l _mM

{E 7l _nM

(5-3)

The order of the fractional derivative (�) ranges between 0 and 1, and it is a measure of
the degree of elasticity of a viscoelastic material. A value of 0 represents a perfectly
elastic material, whereas a value of 1 represents a purely viscous material. Parameters
�E and �R represent the inverse of the elastic modulus of the dispersions, and indicate the
difference in the behavior of the dispersions during creep and recovery, respectively. The
fractional derivative modeling approach can be applied for both small stresses running
under LVR and/or large stresses running in NLVR. These parameters could be stressdependent and associated with the structure of sample in the NLVR, but independent of
stress in LVR (Spotti et al., 2017).
The relative recovery at a time � calculated by Eqs. 5-4 was proposed by Chuang and Yeh
(2006):
��_ =

opqr Do(a)
opqr

×100%

(5-4)

where �huv is the value of maximum creep compliance, which is the value of the
compliance at 120s in this research, and �_ is the value of compliance at time t. The final
relative recovery �wMM was calculated with Eqs.5-4.
5.3.3.5 Shear-induced rheological properties
Long-term shear-induced ordering of amylopectin/hydrocolloid dispersions was studied
using the approach described in section 4.3.4.3. Amylopectin (10% w/w)/hydrocolloid (1%
w/w) dispersions were held at 5oC for 24 hours in the absence and in the presence of a
constant shear of 20 s-1. A small strain temperature sweep oscillatory test was conducted
on these produced samples to study the temperature dependence of the viscoelastic

99
properties of amylopectin/hydrocolloid dispersions over a temperature range from 5 to
95oC with a heating rate of 5oC /min, an oscillation of 1.00 Hz and a strain of 10%, which
is within the LVR. The storage modulus (G’) was measured to assess structure changes
upon sample holding. The same temperature sweep test was used on a freshly prepared
amylopectin (10% w/w)/hydrocolloid (1% w/w) dispersion, considered as a control.
The ordering structure of the amylopectin dispersion generated by the presence of the
hydrocolloids was estimated through the change of storage modulus (∆G’) after holding
the sample for 24h in the absence and presence of a shear rate 20 s-1 by Eqs. (5-5),
∆�′ = �′RG − �′M

(5-5)

where G’0 and G’24 are the G’ values determined at 5oC of the freshly prepared dispersion
and the sample held for 24 hours in the absence and the presence of a shear rate of 20 s-1
for 24 hours, respectively.
5.3.4

Electrokinetic measurements

The degree of electrostatic repulsion between adjacent, similarly-charged segments of
hydrocolloid was studied by the zeta(ζ) potential. The measurements were conducted
under the conditions described in section 3.3.6.
5.4
5.4.1

Results and discussion
Shear rate dependence of amylopectin/hydrocolloid dispersions

The shear rate dependence of waxy potato amylopectin dispersions changes significantly
with the presence of hydrocolloids and, as illustrated in Fig. 5-1, is a function of the
hydrocolloid concentration. The effects of hydrocolloids on rheological properties of
waxy amylopectin dispersions were evaluated in two different ways: 1) the total solid
content (10% w/w) was maintained constant value and the ratio amylopectin/hydrocolloid
was changed; and 2) the starch content (10% w/w) was maintained constant value and
extra amount of hydrocolloid was added. The derivative of viscosity with respect to shear
rate was calculated to illustrate the changes in viscosity with increasing shear rate.
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Positive values of the derivative indicate an increase of the apparent viscosity with shear
rate (shear-thickening), and vice versa.
In the presence of agar and xanthan gum, the dispersions displayed strong shear-thinning
behavior, which was proposed to be, in general, a more stable flow (Azaiez and Singh,
2002). The addition of agar to the amylopectin dispersion largely increased the overall
viscosity, especially in the low shear rate range. This effect was evident at all
hydrocolloid concentrations used and over the entire range of shear rates tested (Fig. 5-1
A, a). With the addition of xanthan gum at the lowest concentration (0.1% w/w), the
viscosity profile of amylopectin showed no significant differences. However, when the
concentration of xanthan gum reached 1% w/w or higher, the amylopectin/xanthan
dispersion displayed a strong shear-thinning behavior, and, compared to the flow curve of
the amylopectin dispersion, showed a higher viscosity at lower shear rates and a lower
viscosity at higher shear rates (Fig. 5-1 B, b). The concentration of amylopectin also
played an important role in the dispersion rheological behavior. Lowering the
amylopectin concentration while keeping a constant total solid content significantly
decreased the viscosity with increasing shear rate.
The addition of gum arabic with a concentration of 0.1% w/w showed no significant
influence on the viscosity profile of waxy potato amylopectin. However, the viscosity of
the amylopectin/gum arabic dispersion decreased with increases of gum arabic
concentration. Meanwhile, a temporary shear-thickening behavior of amylopectin/gum
arabic dispersion was largely enhanced and appeared at a high shear rate with increases
of gum arabic concentration (Fig. 5-1 C, c).
The presence of guar gum raised the viscosity of the dispersion, which was a function of
its concentration in amylopectin/guar gum dispersions with either the total solid content
or the amylopectin content remaining constant, indicating that guar gum was a major
contributor to the viscosity profile (Fig. 5-1 D, d).
Pectin and sodium alginate displayed a similar behavior regarding their influence on the
viscosity profile of amylopectin dispersions, shown in Fig. 5-1 (E, e) and Fig. 5-1 (F, f),
respectively. There was no significant change in the viscosity of the dispersions with the
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addition of 0.1% w/w sodium alginate and pectin. When the total solid content was
maintained constant, no significant change was observed in the amylopectin/pectin
dispersions when changing the amylopectin and pectin proportions, indicating a similar
contribution of amylopectin and pectin to the dispersion viscosity, shown in Fig. 5-1 E.
When the amylopectin concentration was held at a constant value and only the pectin
concentration was changed, the viscosity of the amylopectin/pectin dispersions increased
with pectin concentration when the shear rate was higher than 15 s-1. When the total solid
content was held constant, no significant difference was found after increasing the
concentration of sodium alginate to 1% w/w; however, when the concentration of sodium
alginate was increased to 2% w/w, a higher viscosity than that of the amylopectin
dispersion was observed (Fig. 5-1 F). This suggests that sodium alginate increases the
viscosity of the dispersion at concentrations of 2% w/w of higher. When the amylopectin
concentration was held at a constant value and only the sodium alginate concentration
was changed, the viscosity of the amylopectin/ sodium alginate dispersions had a positive
correlation with the concentration of sodium alginate at a shear rate higher than
approximately 5 s-1.

The temporary shear-thickening behavior of amylopectin was

enhanced in the presence of pectin or sodium alginate with a concentration of 1% w/w as
can be seen in Fig. 5-1 e and f, while at a lower concentration (0.1% w/w) or a higher
concentration (2% w/w) the impact was less evident.
In summary, the addition of hydrocolloids significantly influenced the shear rate
dependence of viscosity of waxy potato amylopectin dispersions, when the concentration
of hydrocolloid was equal to or higher than 1% w/w. Gum arabic decreased the low-shear
rate viscosity, whereas the other hydrocolloids (agar, sodium alginate, pectin, konjac
glucomannan

and

guar

gum)

increased

amylopectin/hydrocolloid dispersions.

the

low-shear

rate

viscosity

of

In the presence of xanthan gum and agar,

amylopectin/hydrocolloid dispersions displayed a strong shear-thinning rheological
behavior, whereas the rest of the hydrocolloids maintained or enhanced the temporary
shear-thickening behavior at a shear rate ranging from 5 to 25 s-1. The flow curve of
dispersions prepared with amylopectin and different hydrocolloids was dependent on the
characteristics of the hydrocolloid molecules. The presence of hydrocolloids having rigid
chain conformation (e.g. agar and xanthan) lead to a strongly shear-thinning behavior,
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whereas hydrocolloids having more flexible chains maintained or promoted a temporary
shear-thickening behavior at a shear rate ranging from 5 to 25 s-1 (e.g. guar gum, pectin
and sodium alginate). Guar gum and xanthan gum are often compared with each other in
their effects on the rheological behavior of starch pastes and gels, since they both have
high molecular weight but diverse chain conformations (Achayuthakan and
Suphantharika, 2008; Heyman et al., 2014; Yoon et al., 2016). The chains of xanthan
gum are rigid and rod-like, whereas chains of guar gum are more flexible with a
randomly-coiled conformation in solution (Achayuthakan and Suphantharika, 2008). The
strong shear-thinning behavior of the amylopectin dispersions in the presence of xanthan
gum and agar can be attributed to their rigid and rod-like structure (Choi and Yoo, 2009).
It has been reported that an excluded volume effect dominates the shear-thinning
behavior of polymer solutions. That is, two segments of chain that are a distance apart
cannot physically occupy the same volume in space at the same time (Robinson et al.,
1982), which is related to the chain rigidity. The more rigid the molecule chains, the
greater the shear-thinning behavior (Ryder and Yeomans, 2006), since a rigid molecule
like xanthan gum may reinforce the three-dimensional network structure of amylopectin
dispersions in a more effective way than a more flexible molecule like guar gum
(Chaisawang and Suphantharika, 2006; Ross-Murphy, 1995).
5.4.2

Viscoelasticity of amylopectin/hydrocolloid dispersions

With the introduction of hydrocolloids, the three-dimensional polymer network of a
concentrated waxy potato amylopectin dispersion (shown as in Figs. 4-14 and 4-15) can
be changed. The behavior changes of polysaccharide dispersions, including amylopectin
and hydrocolloids systems, can be measured by dynamic oscillatory shear and creep
compliance-recovery tests. A strain/stress sweep test was performed to examine the LVR
of the dispersions, within which the moduli are independent of the amplitude of strain or
stress and the dispersion structure is not damaged by the treatment over this range of
amplitude of strain or stress. The application of an oscillatory dynamic shear test was
further followed by a frequency sweep with SAOS within the LVR to study the frequency
dependence of amylopectin/hydrocolloid dispersions. Dispersions with a stronger gel
network are characterized by G’ values significantly higher than G” values (phase angle
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value < 45o) and have a lower dependency of frequency within LVR (Clark and RossMurphy, 1987). In addition, the rheological response of amylopectin/hydrocolloid
dispersions with an applied constant shear in both LVR and NLVR was also measured by
their creep compliance, and the stress recovery was studied and analyzed using a
fractional calculus-derived model (Eqs. 5-2) and relative recovery (Eqs. 5-4). The
viscoelasticity of amylopectin/hydrocolloid dispersions were further discussed, based on
a concentration of amylopectin (10% w/w) and hydrocolloid (1% w/w).
5.4.2.1 SAOS test
A frequency sweep test was conducted from 0.01 Hz to 10.0 Hz with a deformation
amplitude (1%) selected to be in LVR as determined from the strain sweep tests (Table 51). When the frequency exceeded 2.51 Hz, the phase angle values of some
amylopectin/hydrocolloid dispersion exceeded 90o, which appears to be an instrument
artifact. Therefore, the modulus and phase angle values shown in Fig. 5-2 are presented
in a range of frequency from 0.01 Hz to 1.00 Hz.
As illustrated in Figs. 5-2A, all dispersions prepared with waxy potato amylopectin and
hydrocolloids and waxy potato amylopectin alone displayed frequency dependence in the
G’ values. The G’ versus frequency data was able to be fitted with a power-law model
described by Eqs. (5-1). Mean values obtained for the parameters a, which indicates the
strength of the dispersions, and b, which describes the frequency dependence of G’, are
given in Table 5-2. All data showed a good fit. The larger is the parameter b, the higher is
the frequency dependence of the moduli so the more liquid-like are the samples. When
parameter b was 0, the modulus was independent from frequency indicating that the
sample

was

exhibiting

a

solid-like

behavior.

The

parameters

b

for

amylopectin/hydrocolloid dispersions illustrated in Table 5-2 had a value between 0 and
1. The a values of dispersions prepared with waxy potato amylopectin in the presence of
agar or xanthan gum were approximate 5.5 times higher than that of waxy potato
amylopectin dispersions alone, indicating a more strengthened structure. With addition of
guar gum and konjac glucomannan, a values of the dispersions slightly increased.
However, in the presence of gum arabic, sodium alginate and pectin, a values of the
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dispersions decreased indicating a weakened structure. The overall phase angle values of
dispersions prepared in the presence of agar or xanthan were lower than that of waxy
potato dispersion (Fig. 5-2C), indicating their three-dimensional structure became
stronger and more elastic when amylopectin was dispersed in the presence of these
hydrocolloids, which agrees with the reported b values (Table 5-2). The b values of
amylopectin/agar and amylopectin/xanthan gum dispersions were 0.15 and 0.23,
respectively, which were lower than that of the amylopectin dispersion (0.33). The
addition of other hydrocolloids, including gum arabic, pectin, sodium alginate, guar gum
and konjac glucomannan, changed the dispersion structure to be more liquid-like, which
show a higher value of phase angle (Fig. 5-2C). In Table 5-2, b values of dispersions
prepared in the presence of these hydrocolloids were lower than that of the amylopectin
dispersion. In addition, amylopectin/guar gum and amylopectin/konjac glucomannan
dispersions displayed similar phase angle values and similar b values, which were lower
than

those

of

amylopectin/gum

arabic

dispersions,

and

lower

than

the

amylopectin/sodium alginate and amylopectin/pectin dispersions, indicating their more
elastic or solid-like properties compared to the latter ones.
5.4.2.2 Creep compliance and recovery
A creep test was used to study the viscoelastic behavior of amylopectin/hydrocolloid
dispersions in both LVR and NLVR. One of the advantages of the approach used is that
the creep and recovery curves can be analyzed simultaneously. In addition, the
comparison of elasticity among viscoelastic materials can be performed using only a few
parameters. which has a simple physical interpretation. The fractional derivative
parameter (�) represents the level of elasticity of the sample, and the value of (�E -�R )
indicates the effect of the shear stress on the sample structure. In other words, when that
difference is large, the material is not able to recover the deformation after the stress is
removed, i.e. it has a more liquid-like or inelastic behavior. To normalize results,
deformations or strains achieved during the test are divided by the stress to yield a
viscoelastic parameter known as Creep Compliance �(�). The experimental and fitting
curves expressed as compliance �(�) versus time are illustrated in Fig. 5-3. The fractional
calculus model fits well the experimental data. The viscoelastic parameters obtained by
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considering creep-recovery tests of amylopectin/hydrocolloid dispersions and the values
of relative recovery (��%) calculated with Eqs. 5-2 and 5-4 are shown in Fig. 5-4. As
shown in Table 5-1, a stress of 1 Pa was in LVR for all dispersions; A stress of 10 Pa was
in LVR for amylopectin/ xanthan and amylopectin/agar dispersions; And stresses of 50
Pa and 100 Pa were in LVR for only amylopectin/agar dispersion.
When the constant shear stress was 1 Pa (low enough to keep in LVR), all the
amylopectin/hydrocolloid dispersions displayed creep-recovery curves typical of
viscoelastic materials (Fig. 5-3). As illustrated in Fig. 5-4, the � values of dispersions in
the presence of the different hydrocolloids were in the following order from low to high:
agar < xanthan gum < guar gum < konjac glucomannan < pectin < sodium alginate ~ gum
arabic, while the value of (�E -�R ), which indicates the amount of deformation that the
material is unable to recover after the stress is removed, followed the opposite order (i.e.
from low to high values). Meanwhile, the values of relative recovery (RR %) followed
the opposite order than the values of �, and in the same order than the values of (�E -�R ).
As mentioned, agar and xanthan are hydrocolloids with linear and rigid chain
conformations, whereas guar gum, konjac glucomannan, pectin and sodium alginate have
linear and more flexible chains, and gum arabic is a highly-branched molecule. It can be
concluded that the elasticity of dispersions within LVR in the presence of hydrocolloids
were in the following order based on their chain conformation: linear and rigid
hydrocolloid > linear and flexible hydrocolloid ≥ branched hydrocolloids.
With the increases of stress value to 10 Pa, 50 Pa and 100 Pa, the viscoelastic behavior of
the amylopectin/hydrocolloid dispersions became not linear (Table 5-1). Therefore, the
viscoelastic parameters (α, �E , �R ) were a function of the applied stress (Fig. 5-4).
When the stress was 10 Pa or higher, dispersions containing branched hydrocolloid (e.g.
gum arabic) had a liquid-like behavior with little strain recovering after removing the
stress, showing a value of α near one, a high value of (�E − �R ) and a value of relative
recovery lower than 3 % (Fig. 5-4).
The dispersions prepared with amylopectin in the presence of linear and flexible
hydrocolloids (e.g. guar gum, konjac glucomannan, pectin or sodium alginate) showed
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similar changes in the values of the parameter α with increasing stresses from 10 Pa to
100 Pa (Fig. 5-4A), which were in NLVR (Table 5-1). Their α values increased from a
value around 0.5 when the stress was 10 Pa to values higher than 0.9, suggesting that
with the increase of stress in NLVR, these dispersions gradually changed to be more
inelastic. When the stress was as high as 100 Pa, these amylopectin/hydrocolloid
dispersions (in the presence of linear and flexible hydrocolloid) behaved as viscoelastic
liquid materials. The (�E − �R ) values of these dispersions were close to each other
indicating a similar recoverability after removing the applied stress. The relative recovery
of these dispersions (Figs. 5-4C) had values lower than 15%, when the applied stress was
50 Pa, and values lower than 5%, when the applied stress was 100 Pa, suggesting a
significant loss of recoverability after removing the applied shear of 50 Pa and 100 Pa.
This would be indicating that for stresses around 100 Pa the structure of these dispersions
was largely affected and exhibited permanent deformation.
For dispersions prepared with amylopectin and linear and rigid hydrocolloids (e.g. agar
and xanthan gum), in LVR (1-100 Pa for agar, 1-10 Pa for xanthan), the α and (�E − �R )
values were independent of stresses and much lower than those of highly-branched
hydrocolloids (e.g. gum arabic) and the hydrocolloid with linear and flexible chain
segments (e.g. guar gum, konjac glucomannan, pectin and sodium alginate, and in the
NLVR (50-100 Pa for xanthan), α and (�E − �R ) values steeply raised and the relative
recovery value was decreased with increased stress, indicating a loss of elasticity of the
dispersions.
In summary, dispersions containing linear and rigid hydrocolloids (e.g. agar and xanthan)
were more elastic in both LVR and NLVR than dispersions containing flexible
hydrocolloids (e.g. guar gum, konjac glucomannan, pectin and sodium alginate.
Dispersions prepared with amylopectin and branched hydrocolloids (e.g. gum arabic)
were most liquid-like in both LVR and NLVR and had a great loss of recoverability after
removing of stress when applied stresses were in NLVR.
The high elasticity of dispersions prepared with amylopectin and agar or xanthan resulted
from their ability for form gels and in turn reinforce the three-dimensional structure of the
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dispersions (Doublier and Civelier, 1996). In addition, due to the incompatibility between
unlike molecules such as highly-branched amylopectin and linear agar or xanthan, phase
separation may occur and, accordingly, result in an increased local concentration, a
phenomenon that may contribute to increase the elasticity of the dispersions. Unlike
linear and rigid hydrocolloids such as agar and xanthan that can form gels, hydrocolloids
with linear and flexible conformations can form an ‘entanglement network’ in solutions
(Ross-Murphy, 1995). Flexible chains or flexible segments of hydrocolloids may form
entanglements with long-chain branches of amylopectin which may limit the inter-chain
interaction of amylopectin and in turn may lead to lower elasticity. Branched
hydrocolloids, such as gum arabic, may lead to phase separation in amylopectin
dispersion (Annable et al., 1994) which has been proposed to be responsible for the
decreased elasticity observed in these dispersions.
5.4.3

Shear-induced ordering of amylopectin/hydrocolloid dispersions

In order to study shear-induced structural changes of amylopectin dispersions in the
presence of hydrocolloids, amylopectin (10% w/w) / hydrocolloid (1% w/w) dispersions
were held at 5oC for 24 hours sheared with a constant shear rate of 20 s-1. After that
elapsed holding time, the dispersions were subjected to a small strain temperature sweep
test using a temperature range from 5 to 95oC and a heating rate of 5oC/min, a strain of 1%
and a frequency of 1 Hz. The test was conducted to analyze the melting of possible
helical structures formed during the shear-controlled holding process. Since as
demonstrated, the presence of agar significantly changed the viscoelastic properties of
amylopectin dispersions to that of a very elastic material, but shear forces were unlikely
to induce further ordered structures in these systems. Instead, as observed, the shear
forces broke the gel network formed immediately after amylopectin and agar were mixed.
Therefore, amylopectin/agar dispersions were not included in the study concerning the
formation of shear-induced structures in amylopectin/hydrocolloid dispersions.
As illustrated in Fig. 5-5, in the presence of shear both the G’ and G” values of the
dispersions increased with time. These results agreed with previous findings described in
Chapter 4 when only waxy potato amylopectin dispersions were held at 5oC in the
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presence of a constant shear rate of 20 s-1. Illustrated in the figure is noted the increase of
both moduli upon storage for 24 hours at 5oC without and in the presence of a constant
shear rate. It is also clear that the increase is more significant when shear is applied. It
had been hypothesized and demonstrated in Chapter 4 that the formed structure is due to
the formation of double helices and retrogradation of the amylopectin molecule that is
enhanced by the presence of a shear rate of 20 s-1. A similar phenomenon seemed to
occur when waxy potato amylopectin was mixed with hydrocolloids. Fig. 5-5 also
illustrated that upon heating, G’ values dropped steeply at approximately 55oC, which is
the temperature at which the double helical structures are known to melt. The changes of
G’ values, designed as ∆� y , determined from the temperature sweep test were used to
compare the degree of ordered structure formed during the holding process under shear at
a temperature of 5oC. The changes of G’ values after holding in the presence of
shear(∆� y /�ℎ���) were plotted as a function of the changes of G’ values after holding
the dispersions in the absence of shear at 5oC for 24 hours (∆� y /������) (Fig. 5-6).
∆� y /�ℎ��� displayed an exponentially positive relationship with ∆� y /������ (Eqs. 5-6)
described by the equation (�R = 0.7452).
∆� y (�ℎ���) = 248.02� M.MR∆

(

_u_7Y)

(5-6)

The presence of the neutral hydrocolloids konjac glucomannan and guar gum displayed
significantly larger G’ changes than those observed in charged hydrocolloids (e.g. sodium
alginate, xanthan gum, pectin, and gum arabic). In summary, neutral hydrocolloids
significantly promoted formation of more ordered structures in amylopectin dispersions
during holding under shear at low temperatures, whereas negatively charged ones slightly
promoted some molecular ordering.
When compared to amylopectin dispersion alone, the presence of neutral hydrocolloids
had a positive effect on the formation of ordered structures whereas the presence of
negatively charged hydrocolloids had an opposite effect. The relationship between
∆� y (�ℎ���) and ∆� y (������) agreed with one of the hypothesis of this research that
express that the application of a constant shear rate of 20 s-1 enhanced the interaction
between amylopectin and hydrocolloids. In the presence of shear, the ∆� y (�ℎ���) of
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amylopectin/konjac

glucomannan

and

amylopectin/guar

gum

dispersions

was

approximately 33 and 26 times higher than the ∆� y (������). The large hydrocolloid
molecules may induce a physical barrier between amylopectin molecules and result in
phase separation, and therefore impeded long-term re-association of amylopectin chains
resulting in a lower degree of molecular re-ordering (Alloncle et al., 1989; Mandala and
Bayas, 2004, Li et al., 2017, Closs et al., 1999, Annable et al., 1994). It is hypothesized
that a continuously applied shear minimizes the possibility of phase separation and the
physical barrier effect caused by hydrocolloids in the absence of shear. In other words,
the presence of shear increases the molecular movement of the molecules forming the
dispersion and thus improves their contact. The added hydrocolloids competed for water
with amylopectin resulting in an increased effective viscosity and therefore a high G’
value after holding for 24 hours. Since waxy potato amylopectin contain phosphate
groups, the different effects of charged and neutral hydrocolloids on shear-induced
ordering were hypothesized to result from the electrostatic interaction between charged
long-chain branches of amylopectin and anion hydrocolloids, which are discussed in the
following section.
5.4.4

Effects of electrostatic interaction on amylopectin/hydrocolloid interactions

Potato starch is naturally charged with approximately 0.5% phosphate groups mainly
distributed in long-chain branches (Tabata and Hizukuri, 1971; Takeda and Hizukuri,
1982, Blennow et al., 2000; Tabata et al., 1975; Xu et al., 2017). Therefore, the presence
of charged hydrocolloids may have electrostatic interaction with charged waxy potato
amylopectin segments. The zeta (ζ) potential of diluted hydrocolloids and waxy potato
amylopectin dispersions was measured to study the surface charge in these systems, and
they are reported in Table 5-3. All the values are negative, indicating that the molecules
were negatively charged. The absolute values of ζ potential followed the order: guar gum
< konjac glucomannan ≈ agar < waxy potato amylopectin < gum arabic < pectin <
sodium alginate ≈ xanthan gum.
Guar gum, konjac glucomannan and agar did not increase repulsion between chain
segments in amylopectin dispersions. However, hydrocolloids that carried more charges
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than amylopectin did increase electrostatic repulsion between charged chain segments.
This electrostatic repulsion may impede amylopectin molecular re-association and,
consequently, lead to low G’ values after holding for 24 hours. Thus, neutral
hydrocolloids, such as guar gum and konjac glucomannan, were proposed to be candidate
molecules that can be used to promote molecular ordering in systems containing waxy
potato amylopectin and hydrocolloids in the presence of a constant shear at 20 s-1.
5.5

Conclusions

In the presence of hydrocolloids, the rheological behavior of waxy potato amylopectin
dispersions (viscosity and viscoelasticity) was greatly changed.
For each combination of amylopectin/hydrocolloid dispersion, the viscosity increased as
the hydrocolloid concentration increased, except amylopectin/gum arabic dispersions
which had lower viscosity compared to the single amylopectin dispersion. By adding
rigid hydrocolloids (e.g. agar and xanthan) into amylopectin dispersions, the flow curve
displayed a strong shear-thinning behavior, whereas in the presence of more flexible
linear and branched hydrocolloids (e.g. guar gum, pectin, sodium alginate and gum arabic)
the dispersion maintained or promoted an apparent shear-thickening behavior at a shear
rate ranging from 5 to 25 s-1, similar to the behavior discussed in Chapter 4. The elasticity
of dispersions prepared with amylopectin and rigid hydrocolloids (e.g. agar and xanthan)
was higher than the elasticity of dispersions containing hydrocolloids with more flexible
chains.
Upon holding waxy potato amylopectin/hydrocolloid dispersions at 5oC in the presence
of a constant shear rate of 20 s-1 for 24 hours, the formation of a much more ordered
structure was observed, with greatly increases G’ values, than dispersions prepared under
static conditions, which was in agreement with findings described in Chapter 4 for single
waxy potato amylopectin dispersion. With continuously applied shear actions, chain
flexibility of hydrocolloids was no longer a critical factor for viscoelastic changes of
amylopectin/hydrocolloid dispersions during holding for 24 hours at 5oC. Since waxy
potato amylopectin is naturally charged with approximate 0.5% phosphate groups located
in long-chain branches, electrostatic interaction played an important role on long-term
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shear-induced ordering of amylopectin/hydrocolloid dispersions. Neutral hydrocolloids
(e.g. konjac galactomannan and guar gum), which had lower ζ potential values than waxy
potato amylopectin, therefore did not favor electrostatic repulsion and resulted in the
formation of a more ordered structure in the presence of a constant shear rate of 20 s-1 for
24 hours than single waxy potato dispersions. It is hypothesized that the phenomenon
may be the result from the combined effect of increased effective concentration of the
starch by adding the hydrocolloids and improved molecular contacts by the shear action.
The presence of negatively charged hydrocolloids (e.g. gum arabic, sodium alginate,
pectin and xanthan gum) in amylopectin dispersions increased electrostatic repulsion
resulting in a slightly impeded formation of the ordered structure, as compared to the
single potato amylopectin alone dispersion.
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Table 5-1 Approximate LVR of amylopectin and amylopectin/hydrocolloid dispersions
Sample name

Strain (%)

Oscillation Stress (Pa)

AP

0.01-40

0.01-7.6

AP/ GA

0.01-40

0.01-4.8

AP/ SA

0.01-40

0.01-8.5

AP/ PE

0.01-40

0.01-8.6

AP/ GG

0.01-10

0.01-8.3

AP/ KG

0.01-16

0.01-8.7

AP/ XG

0.01-40

0.01-33.4

AP/ AG

0.01-40

0.01-124.9
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Table 5-2 Power-law parameters fitted G’ to frequency
Sample

�R

Modulus

Nonlinearity

coefficient

of frequency

(�)

dependency

Pa

(�)

AP/GA

11.74

0.47

0.9997

AP/KG

26.57

0.42

0.9998

AP/GG

33.74

0.42

0.9998

AP/AG

112.76

0.15

0.9968

AP/SA

17.08

0.57

0.9997

AP/PE

18.39

0.52

0.9998

AP/XG

111.84

0.23

0.9965

AP

21.80

0.33

0.9996
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Table 5-3 Zeta (ζ) potential of amylopectin and hydrocolloid dispersions (in diluted
dispersions)
Sample name

Zeta potential (mV)

Guar gum

-6.34 ± 1.15

Konjac Glucomannan

-10.9 ± 0.51

Agar

-12.65 ± 1.46

Waxy potato amylopectin

-16.23 ± 0.47

Gum arabic

-30.18 ± 1.80

Pectin

-46.33 ± 1.46

Sodium alginate

-59.64 ± 4.41

Xanthan

-59.93 ± 1.25
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Figure 5-1 Viscosity profile of waxy potato amylopectin dispersed with agar (A, a),
xanthan gum (B, b) and gum arabic (C, c) in water subjected to increased shear rate at
5oC. Viscosity of mixture: A, B, C; Corresponding derivative of viscosity respect to shear
rate (showing slop changes with increased shear rate): a, b, c.
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Figure 5-1 (continued) Viscosity profile of waxy potato amylopectin dispersed with guar
gum (D, d), pectin (E, e) and sodium alginate (F, f). in water subjected to increased shear
rate at 5oC. Viscosity of mixtures: D, E, F; Corresponding derivative of viscosity respect
to shear rate (showing slop changes with increased shear rate): d, e, f.
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included in the figures)
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Figure 5-3 Creep-recovery curves of waxy potato amylopectin (10% w/w)/ hydrocolloid
(1% w/w) dispersions at 5oC. The stress applied was 1, 10, 50 and 100 Pa. (Triangles:
experimental data; Solid lines: fitted model)
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/hydrocolloid (1% w/w) dispersions at 5oC. The stress applied was 1, 10, 50 and 100 Pa.
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CHAPTER 6.

CONCLUSIONS

After gelatinization, waxy potato and waxy corn starch dispersions (also named
amylopectin dispersions in this thesis) displayed shear-thickening behavior when
subjected to a small range of low to moderate shear rates (approximately 15 -25 s-1), a
phenomenon that was not observed in gelatinized waxy rice starch and gelatinized normal
starch dispersions. The phenomenon was more noticeable in waxy potato amylopectin
dispersions when tested at low temperatures.
The observation of rheological time effects on these dispersions, further evidenced by the
presence of hysteresis loops during shear sweep tests cycles of increasing and decreasing
shear rates, showed that these dispersions have structure that can be either degraded or
reformed upon application of shear forces. The formation of a shear-thickening induced
structure upon application of shear, mainly in dispersions of waxy potato starch, was an
important finding form this work, which can impact the preparation of starchy foods with
improved functional properties. The estimation of the area of the hysteresis loops and
results from shear-recovery tests indicated that the structure of waxy potato amylopectin
dispersions was more difficult to break and more resistant to recover than structures of
waxy corn and waxy rice amylopectin dispersions. The shear-thickening behavior of
waxy potato and waxy corn amylopectin dispersions did not change during 2-day and 7day storage at 4oC, respectively. However, the shear-thickening behavior of the waxy
potato amylopectin dispersion disappeared after 7-day storage at 4oC.
After applying a constant shear rate of 20 s-1 (within the range of shear rate in which the
shear-thickening behavior appeared) for 10 min, the elasticity of amylopectin dispersions
increased following the order: waxy potato amylopectin > waxy corn amylopectin >
waxy rice amylopectin. DLS measurements were used to measure the �K of dispersions
changing due to storage under the action and absence of shear. After shearing for 10 min,
the �K values of waxy potato amylopectin aggregates changed from one unimodal size
distribution with a peak of 327 ± 157 nm to a bimodal distribution with peaks of 4054 ±
1388 nm and 170 ± 49 nm, indicating the formation of large aggregates. The �K of waxy
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corn amylopectin showed a size distribution that indicated an enhancement, or formation,
of new larger aggregates. The �K of waxy rice amylopectin changed from 211 ± 26 nm to
156 ± 19 nm, indicating that no aggregates were formed in the presence of shear. Fine
structural attributes of waxy potato amylopectin, including longer internal and external
linear chains and overall less branching, were hypothesized to be the cause of the
formation of shear-induced aggregates, and shear-thickening behavior was found to be
caused by shear-induced aggregation, which was influenced by the fine structure
characteristics of the amylopectin molecules.
The shear-thickening and viscoelastic behavior of waxy potato amylopectin dispersions
were significantly influenced by the presence of anionic and neutral hydrocolloids. The
presence of anions would increase electrostatic repulsion with negatively charged
phosphate groups on waxy potato amylopectin chains. It was hypothesized that this
repulsion facilitated the mobility of the chains, which was further enhanced by shear
forces. Flexible chain segments from the hydrocolloids were assumed to form shearinduced associations with the long-chain branches of waxy potato amylopectin.
Dispersions prepared by waxy potato amylopectin in the presence of hydrocolloids
having stiff chain conformations (e.g. agar and xanthan gum) showed strong shearthinning behavior, high elasticity, and high structural recovery after removing the stress
in creep-recovery tests conducted in the LVR. Dispersions prepared by waxy potato
amylopectin in the presence of anion hydrocolloids having flexible chain conformations
(e.g. pectin and sodium alginate) were less elastic and exhibited an increased shearthickening behavior. Waxy potato amylopectin dispersions in the presence of neutral
hydrocolloids consisting of flexible chains (i.e. guar gum and konjac glucomannan)
showed increased viscosity and slightly decreased elasticity, and had less noticeable
shear-thickening behavior. The addition of highly-branched anionic hydrocolloids (e.g.
gum arabic) to waxy potato amylopectin dispersions significantly decreased viscosity,
promoted shear-thickening behavior, and lowered elasticity.
The formation of a structure in amylopectin dispersions upon storage was evaluated by a
temperature sweep SAOS test which showed a gradual increase in the phase angle value
with increasing temperature, indicating a transition to a more fluid behavior, likely due to
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melting of crystallites formed during storage. Upon storage in static conditions at 4oC, the
viscoelasticity of waxy corn and waxy rice amylopectin dispersions determined by the
temperature sweep test in a range of temperatures 25-95oC did not show significant
changes. Conversely, a waxy potato amylopectin dispersion displayed a much higher
elasticity upon storage at a low temperature and more drastic changes in their viscoelastic
properties (e.g. increase of phase angle and decrease in the storage and loss moduli) were
observed during the temperature sweep test in a range of temperatures where melting of
crystalline structures was occurring.
Waxy potato amylopectin dispersions in moderate to weak acidic conditions (pH 4.0 and
6.0) displayed a much stronger elasticity after storage for 7 days at 4oC, than dispersions
in neutral and basic conditions (pH 7.0, 8.0 and 10.0). These results indicated the
potential of an electrostatic repulsion of negatively charged chain segments of waxy
potato amylopectin. Zeta potential values of waxy potato amylopectin in buffer of
different pH’s were positively correlated with the elasticity of concentrated waxy potato
amylopectin after holding at 4oC for 7 days, which further confirmed this hypothesis.
The increased elasticity of waxy potato amylopectin dispersions was proposed to be the
result of re-ordering of long-chain branches. In the SAOS temperature sweep test run
with increasing temperatures, the viscoelasticity of amylopectin dispersions having a reordered structure decreased (shown as a steep drop of G’) at a temperature which was in
agreement with the melting of double helices. Amylopectin with more longer linear
chains and lower degree of branching (DB), such as those present in waxy potato
amylopectin, was more prone to form ordered structures upon storage, and this was likely
due to the formation of double helices.
The efficiency of the molecular re-association process was accelerated by application of a
constant shear rate of 20 s-1 for 24 hours at 5oC. The long linear chains of amylopectin
were proposed to be stretched by this moderate shear action (20 s-1) to a conformation
that would be preferable for promoting the formation of double helices when exceeding a
critical shearing time of approximately 12 hours. The structures formed in the presence of
shear were more ordered and stronger in waxy potato amylopectin dispersions than those
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formed in waxy corn and waxy rice amylopectin dispersions. NMR and DSC techniques
further revealed the formation of double helices in waxy potato amylopectin dispersions
after shearing at 20 s-1 for 24 hours at 5oC.
The shear-induced ordering of waxy potato amylopectin dispersions was significantly
affected by the presence of hydrocolloids with different charges and molecular
characteristics. Neutral hydrocolloids such as guar gum and konjac glucomannan
promoted the formation of shear-induced ordering structures when mixed with waxy
potato amylopectin dispersions. Conversely, negatively charged or anionic hydrocolloids
such as sodium alginate, pectin, gum arabic, and xanthan gum displayed a negative effect
on the formation of shear-induced ordering structures. Hydrocolloids with branched
structures (e.g. gum arabic) showed a more pronounced inhibition of ordered structures
than linear molecular structures. Neutral hydrocolloids with linear flexible chains were
proposed to be better candidates for promoting the formation of ordered structures in
concentrated amylopectin dispersions in the presence of shear forces.
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